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I) Les forêts, sources importantes de biodiversité fortement 
impactées par l’activité humaine 
Les forêts sont parmi les écosystèmes les plus riches de la planète (Larrieu et Gonin, 2008). Au cours 
des 300 dernières années, les forêts mondiales ont perdu environ 40 % de leur surface. Elles ont 
complètement disparu dans 25 pays et 29 autres pays ont perdu plus de 90 % de leur couverture 
forestière, et ce déclin se poursuit encore actuellement (FAO, 2012).  
 
I.1) Les forêts en Europe 
En Europe, la forêt recouvrait environ 80% de la surface du territoire à la fin de la dernière grande 
glaciation (environ -ϭϬϬϬϬ aŶs, le WüƌŵͿ. AĐtuelleŵeŶt, Đe Đouveƌt foƌestieƌ Ŷ’est plus Ƌue de ϰϱ% 
(FAO, 2011). De plus, environ 99% de la surface des forêts présentes à la fin du Würm ont été 
iŵpaĐtĠes paƌ l’aĐtivitĠ aŶthƌopiƋue ;Gilg, 2ϬϬϰͿ. L’Euƌope est la ƌĠgioŶ du ŵoŶde la plus 
diversifiéeen types forestiers forêts (FAO, 2011). Elles y présentent une grande variété, en passant 
par des toundras de Sibérie aux forêts méditerranéennes, ou par les grandes chênaies de plaine, les 
hêtraies-sapiŶiğƌes de ŵoŶtagŶe, saŶs ouďlieƌ les foƌġts de piŶs à ĐƌoĐhet d’altitude. Elles foŶt 
ĠgaleŵeŶt l’oďjet d’uŶ pƌĠlğveŵeŶt iŶteŶsif de bois. En Europe, les forêts ont été exploitées depuis 
des millénaires (Grove, 2002a). Cette exploitation a conduit à la raréfaction (sinon à la disparition) 
des structures caractéristiques des forêts à caractère naturel (ou old-growth forests) (Gilg, 2004).  
 
I.2) Caractéristiques structurelles des « Old-Growth Forests » 
Le terme « Old-Growth Forest » (OGF) désigne une forêt à vieux peuplements, structurellement non 
iŵpaĐtĠe paƌ l’aĐtivitĠ huŵaiŶe. Cette dĠŶoŵiŶatioŶ Ŷe vĠhiĐule pas foƌĐĠŵeŶt uŶe ŶotioŶ de 
continuité forestière, contrairement au terme anglo-saxon de « ancient woodland » (Kirby et al., 
1995). Les OGF présentent des éléments structurels singuliers, absents ou rares dans les forêts 
exploitées. Les OGF sont généralement composées de peuplements avec une grande diversité 
d’esseŶĐes d’aƌďƌes, ĐƌĠaŶt une structuration verticale complexe. La dynamique forestière est 
constituée de plusieurs phases. Ces phases sont entremêlées au sein des forêts naturelles, 
impliquant une composition en âge des arbres non uniforme au sein des peuplements. Plusieurs 
stades de dĠveloppeŵeŶt d’uŶe ŵġŵe esseŶĐe seƌoŶt aloƌs pƌĠseŶts daŶs les ŵġŵes peupleŵeŶts. 
Au fuƌ et à ŵesuƌe de l’augŵeŶtatioŶ de l’âge des aƌďƌes, leuƌ pƌoďaďilitĠ de suďiƌ des ĠvğŶeŵeŶts 
catastrophiques (incendies, tempêtes) va augmenter. Ces évènements induisent des blessures sur les 
branches ou le tƌoŶĐ, auǆƋuelles l’aƌďƌe peut suƌvivƌe. Ces ďlessuƌes voŶt ĐoŶstitueƌ les poiŶts 
d’eŶtƌĠe d’oƌgaŶisŵes dĠĐoŵposeuƌs de ďois ;pƌiŶĐipaleŵeŶt des MǇĐğtes ;AleǆaŶdeƌ, 2ϬϬϴͿͿ et 
former des structures particulières, telles des plages de bois dur, des cavités... Ainsi, aveĐ l’âge, un 
arbre va présenter une pƌoďaďilitĠ aĐĐƌue d’aĐƋuĠƌiƌ de telles ͚ďlessuƌes’. Larrieu et Cabanettes, 
(2012) ont constaté que les arbres de fort diamètre avaient une pƌoďaďilitĠ aĐĐƌue d’ġtƌe poƌteuƌs de 
dendromicrohabitats.  
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Lors des phases finales du cycle de la sylvigenèse, les arbres des essences dominantes vont devenir 
sénescents puis mourir. Ces arbres morts vont rester sur place, debout ou au sol et constituer 
d’iŵpoƌtaŶts voluŵes de ďois ŵoƌt ;BoďieĐ, 2ϬϬ2). Le bois mort est ĐoŶstituĠ d’uŶe gƌaŶde vaƌiĠtĠ 
d’ĠlĠŵeŶts, eŶ passaŶt des petites ďƌaŶĐhes fƌaiĐheŵeŶt ŵoƌtes auǆ futs d’aƌďƌes ŵoƌts il Ǉ a 
plusieuƌs dizaiŶes d’aŶŶĠes et eŶ état de décomposition avancée.  
Les Old-Growt Forests sont structurellement plus complexes que les forêts exploitées. De même, elles 
possèdent des volumes et diversité de bois vivants et morts plus importantes. Enfin, la quantité et la 
diversité des dendromicrohabitats y est plus importante (Spies et Franklin, 1988 ; Sippola et al., 1998 ; 
Siitonen et al., 2000 ; Siitonen, 2001).  
 
II) Enjeux de conservation associés aux organismes saproxyliques 
II.1) Principales causes de l’érosion de la biodiversité forestière 
La dispaƌitioŶ d’haďitat et la fragmentation du milieu sont deux processus distincts (Fahrig, 2003) et 
ĐoŶstitueŶt des pƌoďlĠŵatiƋues liĠes à l’ĠĐologie du paǇsage. La pƌeŵiğƌe dĠfiŶitioŶ de l’ĠĐologie du 
paǇsage a ĠtĠ fouƌŶie paƌ Caƌl Tƌoll eŶ ϭϵϯϵ. L’ĠĐologie du paǇsage est aloƌs décrite comme « l’Ġtude 
des principales relations entre les communautés et leur environnement » (Troll, 1939). Cette 
définition a été implémentée au fur et à mesure du temps, mais ce concept en reste le fondement. 
AĐtuelleŵeŶt, l’ĠĐologie du paǇsage est appréhendée comme une science à part entière, clairement 
pluridisciplinaire (Turner, 2005 ; Wu, 2006).  
 
II.ͷ.ͷ) Disparition d’habitat 
L’haďitat d’uŶe espğĐe ou d’uŶe ĐoŵŵuŶautĠ d’espğĐes est dĠliŵitĠ daŶs l’espaĐe. Cet haďitat peut 
avoir des tailles différentes en fonction des organismes considérés. Ainsi, un lynx ou un ours ont 
ďesoiŶ de gƌaŶdes ĠteŶdues de foƌġts ŶoŶ peƌtuƌďĠes paƌ l’aĐtivitĠ huŵaiŶe pouƌ pouvoiƌ suƌvivƌe 
(Ruggiero et al., 1994 ; SĐhoeŶ, ϭϵϵϬͿ. D’autƌes oƌgaŶisŵes auront besoin de surfaces plus faibles, 
ŵais il eǆiste uŶe suƌfaĐe ŵiŶiŵale d’haďitat -propre à chaque espèce- en deçà de laquelle les 
populations ne peuvent se maintenir (Andrén, 1994). Deux principales configurations spatiales de 
distƌiďutioŶ de l’haďitat soŶt gĠŶĠƌĠes paƌ sa dispaƌitioŶ. DaŶs uŶ pƌeŵieƌ Đas, le Ŷoŵďƌe d’ĠlĠŵeŶts 
d’haďitats daŶs le paǇsage ƌeste ĐoŶstaŶt ;Figure ϭaͿ. DaŶs le deuǆiğŵe Đas, le Ŷoŵďƌe d’ĠlĠŵeŶts 
d’haďitat vaƌie daŶs le paǇsage. Le Ŷoŵďƌe d’ĠlĠŵeŶts d’haďitat daŶs le paǇsage peut soit augŵeŶteƌ 
(Figure 1b), soit diminuer (Figure 1c).  
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Figure 1 : DiffĠƌeŶtes ĐoŶsĠƋueŶĐes de la dispaƌitioŶ d’haďitat suƌ le Ŷoŵďƌe de patĐhes d’haďitat 
restants. 
 
DaŶs le Đas où les ĠlĠŵeŶts d’haďitat daŶs le paǇsage vaƌieŶt eŶ Ŷoŵďƌe, oŶ aďoutit à uŶe vaƌiatioŶ 
du degƌĠ de fƌagŵeŶtatioŶ spatiale de l’haďitat.  
II.ͷ.͸) Fragmentation d’habitat et réduction de connectivité 
La fƌagŵeŶtatioŶ spatiale d’haďitat Ŷe tƌaduit pas sǇstĠŵatiƋueŵeŶt uŶe peƌte d’haďitat ;Fahƌig, 
2ϬϬϯͿ. UŶ laƌge patĐh d’haďitat peut ġtƌe sĐiŶdĠ eŶ deuǆ patĐhes distiŶĐts pouƌ uŶe ŵġŵe suƌfaĐe 
totale. Dans ce cas, si la distance inter-patĐhes est iŶfĠƌieuƌe à la distaŶĐe de dispeƌsioŶ de l’espğĐe 
considérée, et que la matrice inter-patch permet la dispersion (Baum et al., 2004), les deux patches 
soŶt ĐoŶsidĠƌĠs Đoŵŵe ĐoŶŶeĐtĠs. Les pƌoĐessus de dispaƌitioŶ ou de fƌagŵeŶtatioŶ de l’haďitat 
vont créer un réseau plus ou moins connecté de patches de tailles variables. Au sein des forêts, les 
structures caractéristiques des OGF ne se répartissent pas de manière uniforme. Certaines zones 
peuveŶt eŶ effet pƌĠseŶteƌ des voluŵes et uŶe diveƌsitĠ de ďois ŵoƌt plus iŵpoƌtaŶtes Ƌue d’autƌes, 
suite à une perturbation naturelle (tempête, incendie). De la même façon, les arbres porteurs de 
dendromicrohabitats ne vont pas être répartis de manière continue au sein de la forêt. On aboutit 
aloƌs à des stƌuĐtuƌes d’haďitat ŵosaïƋues ;Gilg, 2ϬϬϰͿ.La ĐoŶfiguƌatioŶ spatiale discontinue des 
compartiments « bois mort » et « dendromicrohabitat » au sein des forêts va induire une dynamique 
de populatioŶ paƌtiĐuliğƌe, la ŵĠtapopulatioŶ. Il est iŵpoƌtaŶt de pƌĠĐiseƌ Ƌue la fƌagŵeŶtatioŶ Ŷ’a 
pas toujours des effets négatifs sur les organismes (Fahrig, 2003, Bouget et Duelli, 2004), en 
particulier pour les espèces à fort pouvoir de dispersion (MacInerny et al., 2ϬϬϳͿ. C’est paƌ eǆeŵple 
le cas pour la chenille processionnaire du Pin. Son front de dispersion actuel vers le Nord de la France 
est accéléré par une structure spatiale fragmentée (arbres isolés, alignements le long des autoroutes) 
de son habitat (les pins) plutôt que non fragmentée (patches de forêt).  
 
II.1.2.Réponse des populations à la fragmentation de l’habitat  
Une population peut se définir comme un « ensemble d'individus d'une même espèce occupant une 
ŶiĐhe daŶs uŶe ďioĐœŶose » (Arnaud et Amig, 1986). Une métapopulation est un niveau 
d’oƌgaŶisatioŶ paƌtiĐulieƌ de ĐeƌtaiŶes populatioŶs au seiŶ d’uŶe ŵġŵe aiƌe gĠogƌaphiƋue. Le 
concept est hérité des recherches sur la théorie des iles de MaĐAƌthuƌ et WilssoŶ ;ϭϵϲϳͿ. BieŶ Ƌu’ils 
aient initialement étudié des communautés végétales sur des iles, les concepts ont rapidement été 
transposés aux écosystèmes terrestres continentaux qui présentaient une répartition spatiale 
fƌagŵeŶtĠe ŵais ĐoŶŶeĐtĠe. UŶe ŵĠtapopulatioŶ est ĐoŵposĠe à l’ĠĐhelle du paǇsage de 
populatioŶs loĐales oĐĐupaŶt des patĐhes d’haďitat. Ces populatioŶs soŶt de tailles diveƌses et 
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peuvent présenter des risques élevĠs d’eǆtiŶĐtioŶ loĐale, eŶ foŶĐtioŶ des ĐapaĐitĠs d’aĐĐueil de 
l’haďitat. AiŶsi, ĐeƌtaiŶs patĐhes d’haďitat voŶt peƌŵettƌe la suƌvie de populatioŶs. Au ĐoŶtƌaiƌe, 
d’autƌes voŶt voiƌ la populatioŶ Ƌu’ils aďƌiteŶt dĠĐliŶeƌ puis s’ĠteiŶdƌe. Ces patĐhes d’haďitat alors 
non occupés pouƌƌoŶt ġtƌe ƌeĐoloŶisĠ paƌ la suite, s’ils ƌedevieŶŶeŶt des haďitats favoƌaďles. Ils 
seƌoŶt ƌeĐoloŶisĠs paƌ les iŶdividus eŶ pƌoveŶaŶĐe de patĐhes voisiŶs. Le tout foƌŵe à l’ĠĐhelle du 
paǇsage et du teŵps uŶ ƌĠseau dǇŶaŵiƋue d’eǆtinctions et de colonisations. Les mécanismes 
ƌĠgissaŶt les ŵĠtapopulatioŶs et la façoŶ d’appƌĠheŶdeƌ leuƌ foŶĐtioŶŶeŵeŶt font encore débat 
aujouƌd’hui ;Baguette, 2ϬϬϰ ; HaŶski, 2ϬϬϰͿ. MalgƌĠ Đela, l’utilisatioŶ de ŵodğles ŵĠtapopulatioŶŶels 
a permis la mise en place de mesures conservatoires favorables à nombreuses espèces (Akçakaya et 
al., 2007).  
Il est iŵpoƌtaŶt de Ŷoteƌ Ƌue Đ’est l’haďitat Ƌui va stƌuĐtuƌeƌ le foŶĐtioŶŶeŵeŶt de populatioŶs eŶ 
ŵĠtapopulatioŶs, et Ƌu’eŶ foŶĐtioŶ de l’ĠĐhelle spatiale et temporelle considérée, toutes les 
populatioŶs d’ġtƌes vivaŶts soŶt susĐeptiďles de se Đoŵpoƌteƌ eŶ sǇstğŵes ŵĠtapopulatioŶŶels.  
II.1.2.2) Effets de débordement d’individus (Spillover) 
DaŶs uŶ haďitat favoƌaďle, la thĠoƌie veut Ƌue les populatioŶs d’oƌgaŶisŵes se dĠveloppeŶt jusƋu’à 
atteindre des seuils populationnels trop importants pour être maintenus dans la zone considérée. Les 
individus surnuméraires vont alors disperser vers les zones voisines, en addition des effets de 
dispersion classiques. Cet apport d’iŶdividus suƌŶuŵĠƌaiƌes daŶs des zoŶes voisiŶes à paƌtiƌ de zoŶes 
plus riches est appelé effet spillover, ou effet de débordement. Cet effet a été étudié dans de 
nombreux écosystèmes (Brudvig et al., 2009 ; Russ et Alcala, 2011 ; Lucey et Hill, 2012).  
 
II.2) Effets de l’exploitation sur la structure des forêts 
II.2.1) Dynamique naturelle des forêts … 
II.2.1.1) Sylvigenèse 
Gilg (2004) a proposé une synthèse du cycle sylvigénétique des forêts d’Euƌope laissées en libre 
évolution. Sa synthèse se base majoritairement sur les recherches de Jones (1945) et Oldeman 
(1990). Le cycle sylvigénétique varie quelque peu en fonction des essences et contextes mais reste 
globalement le même (Vera, 2000) et applicable aux forêts que nous avons étudiées. De manière 
gĠŶĠƌale, deuǆ tǇpes de ĐǇĐles sǇlvigĠŶĠtiƋues soŶt adŵis, ďasĠs suƌ l’iŶteŶsitĠ des peƌtuƌďatioŶs 
naturelles auxquels ils sont soumis. Dans le premier cas, le cycle sylvigénétique dit « à dynamique 
douce », et dans un second temps, le cycle sylvigénétique dit « à dynamique catastrophique ».  
II.͸.ͷ.ͷ.ͷ) Le principe d’éco-unité 
Le principe « ’d’éco-unité » est iŶtƌoduit paƌ OldeŵaŶ ;ϭϵϵϬͿ. Il ĐoƌƌespoŶd à l’uŶitĠ ĠlĠŵeŶtaiƌe de 
développement de la forêt, celle au sein de laquelle va se dérouler le cycle sylvigénétique. En 
fonction des dynamiques forestières, cette éco-uŶitĠ peut vaƌieƌ d’uŶe suƌfaĐe de ƋuelƋues dizaiŶes 
de mètres de rayon en dynamique douce à plusieurs centaines en dynamique catastrophique (Gilg, 
2ϬϬϰͿ. A l’ĠĐhelle de la foƌġt, plusieuƌs ĠĐo-unités vont exister simultanément, parfois côte à côte, 
parfois imbriquées les unes dans les autres. Il en résulte un paysage mosaïque.  
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II.2.1.1.2) La sylvigenèse douce 
Dans une dynamique forestière douce, non soumise à des perturbations naturelles de grande 
ampleur, trois stades principaux vont être facilement identifiables : Un stade de croissance et de 
développement des peuplements (accroissement), un stade de stabilisation (optimal) et un stade de 
rajeunissement (régénération) par écroulement des arbres les plus âgés (Gresslier et al., 1995). 
DuƌaŶt le stade d’aĐĐƌoisseŵeŶt, les aƌďƌes ŵouƌaŶts ou ŵoƌts de la fiŶ du ĐǇĐle pƌĠĐĠdeŶt voŶt 
coexister avec la régénération des semis du nouveau cycle en cours. S’eŶ suit uŶe phase staďle, qui 
caractérise le stade optiŵal ;Gilg, 2ϬϬϰͿ. Il est ĐaƌaĐtĠƌisĠ paƌ la ĐƌoissaŶĐe jusƋu’à ŵatuƌitĠ des 
arbres issus du stade précédent. Le déclin des arbres matures du stade optimal et le début de 
l’iŶstallatioŶ de Ŷouveauǆ seŵis marquent le début du stade de régénération. Des phases 
intermédiaires peuvent être ajoutées à ce cycle et sont détaillées Figure 2. 
 
 
 
 
 
 
Figure 2 : SǇlvigeŶğse à dǇŶaŵiƋue douĐe telle Ƌu’oďseƌvĠe eŶ hġtƌaie-sapinière (Korpel, 1995 in 
Gilg, 2004). 
 
II.2.1.1.3) La sylvigenèse avec évènements catastrophiques 
La dynamique forestière de type « catastrophique » inclue dans le cycle sylvigénétique classique des 
évènements catastrophiques de grande ampleur. Ces évènements catastrophiques sont 
majoritairement constitués par les tempêtes et les incendies. Ils vont provoquer de larges troués au 
sein des forêts, et « réinitialiser » le cycle sylvigénétique. Il faut alors que la forêt recolonise les zones 
ainsi perturbées. Cette recolonisation va se faire par des essences héliophiles. Ces essences qui ne 
nécessitent pas de couvert forestier pour se développer sont nommées essences pionnières. Une fois 
un stade de développement suffisant atteint, les essences forestières sciaphiles vont se développer 
et un nouveau cycle sylvigénétique va se mettre en place (Figure 3). Une forêt peut posséder les deux 
tǇpes de sǇlvigeŶğse eŶ foŶĐtioŶ de l’iŶteŶsitĠ des peƌtuƌďatioŶs, ŵais uŶe des dǇŶaŵiƋues est 
généralement dominante (Gilg, 2004). Il est important de noter que la catastrophe qui va réinitialiser 
le ĐǇĐle peut se pƌoduiƌe à Ŷ’iŵpoƌte Ƌuel ŵoŵeŶt du ĐǇĐle.  
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Figure 3 : Sylvigenèse de type catastrophique, typique des écosystèmes forestiers boréaux (Schuck et 
al., 1994 in Gilg, 2004). 
  17 
Introduction générale 
II.2.2) Dynamique en zones exploitées  
Les peuplements forestiers peuvent être 
traités de plusieurs façons, en fonction des 
objectifs de production associés (Dubourdieu, 
1997). Sommairement, deux types de 
traitements sont utilisés : la futaie et le taillis. 
Les deux traitements peuvent être utilisés en 
même temps pour aboutir à un traitement de 
taillis sous futaie (Perrin, 1946). La futaie a 
pour objectif la production de bois de grande 
qualité, destiné à la construction, tonnellerie, 
ébénisterie en fonction des essences 
considérées. Ce traitement est caractérisé par 
les loŶgues pĠƌiodes ŶĠĐessaiƌes à l’oďteŶtioŶ 
de tels bois. Au contraire de la futaie, le taillis 
est destiné à produire rapidement du bois de 
faible diamètre. Anciennement utilisé pour 
produire du bois de chauffage, il est de plus en 
plus utilisé pour les besoins de la filière bois 
énergie. Le taillis est caractérisé par des 
périodes de rotation courtes. Du fait des 
durées de rotations différentes entre ces deux 
traitements, la sylvigenèse naturelle (Figure 
4a) ne sera pas impactée aux mêmes phases. 
Dans le cas de la futaie, les arbres seront 
récoltés en phase optimale du cycle, là où leur 
vitesse de croissance va diminuer, et le risque 
de dépréciation économique augmenter par 
l’appaƌitioŶ d’iŵpeƌfeĐtioŶs ;i.e les dendro-
microhabitats) (Figure 4b). Dans le cas du 
taillis, les arbres sont récoltés durant la phase 
de ĐƌoissaŶĐe, avaŶt Ƌu’ils Ŷ’atteigŶeŶt la 
phase optimale (Figure 4c). La récolte des 
arbres à différents stades du cycle 
sylvigénétique tronque ce dernier dans les 
phases critiques de développement des 
habitats favorables aux espèces saproxyliques. 
Ainsi, les phases de sénescence et de déclin 
sont généralement absentes des forêts 
exploitées.  
 
Figure 4 : IŵpaĐt du ŵode d’eǆploitatioŶ 
forestière sur la dynamique naturelle de la 
sǇlvigeŶğse ;d’apƌğs Gilg, 2ϬϬϰͿ. Les phases de 
sénescence et de déclin sont absentes des 
forêts exploités. 
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L’eǆploitatioŶ foƌestiğƌe ŵodifie sigŶifiĐativeŵeŶt la stƌuĐtuƌatioŶ des peupleŵeŶts foƌestieƌs 
(Parrotta et al., 2002 ; Maguire et al., 2007 ; Angers et al., 2005 ; Linder et al., 1997). Le volume 
d’aƌďƌes vivaŶts est ŵoiŶs iŵpoƌtaŶt daŶs les zoŶes eǆploitĠes ;SiitoŶeŶ et al., 2000). La structuration 
verticale de la végétation est simplifiée (Sturtevent et al., 1996) et la composition floristique change 
fortement (Halpern et Spies, 1995). La quantité et la diversité de dendromicrohabitats est également 
diminuée dans les zones exploitées par rapport aux zones non exploitées (Larrieu et al., 2012), ainsi 
que le volume et la diversité du bois mort (Fridmann et Walheim, 2000 ; Rahman et al., 2008). Cette 
diŵiŶutioŶ est aĐĐeŶtuĠe paƌ l’ĠliŵiŶatioŶ gĠŶĠƌale des aƌďƌes poƌteuƌs de deŶdƌoŵiĐƌohaďitats, Đaƌ 
économiquement dépréciés. 
 
II.2.2.1) Le cas particulier des compartiments « bois mort » …  
En retirant du cycle sylvicole naturel les arbres qui auraient dû mourir et se décomposer sur place, 
l’eǆploitatioŶ foƌestiğƌe affeĐte laƌgeŵeŶt la dǇŶaŵiƋue du ďois ŵoƌt eŶ foƌġt ;Fridmann et 
Walheim, 2000). Rahman et al, ;2ϬϬϴͿ oŶt ĠtudiĠ l’effet de l’eǆploitatioŶ foƌestiğƌe daŶs uŶe forêt de 
chênes en Autriche. La quantité de bois mort retrouvée sur les placettes exploitées est bien moindre 
que celle retrouvée sur les parcelles non exploitées. Martikainen et al, (2000) ont étudié trois niveaux 
d’iŶteŶsitĠ d’eǆploitatioŶ foƌestiğƌe eŶ FiŶlaŶde, daŶs des foƌġts d’ĠpiĐĠa. Au fuƌ et à ŵesuƌe Ƌue le 
ĐǇĐle d’eǆploitatioŶ est ƌalloŶgĠ ;Ƌue l’iŶteŶsitĠ d’eǆploitatioŶ diŵiŶueͿ, le voluŵe de ďois ŵoƌt 
augmente. On peut ainsi constater une augmentation de 750% du volume de bois mort moyen entre 
les paƌĐelles aveĐ uŶ âge d’eǆploitatioŶ faiďle ;ϵϬ/ϭ2Ϭ aŶsͿ et les parcelles non exploitées (depuis 
plus de 160 ans) ! Moroni et Ryan (2010) fait la même constatation en Nouvelle Ecosse, dans les 
forêts de feuillus. De nombreuses autres études ont mis en évidence la diminution du volume de bois 
mort dans des parcelles exploitées par rapport à des parcelles non exploitées (Kirby et al., 1991; 
Sippola et al., 1998 ; Boncina, 2000; Marage et Lempérière, 2005; Sitzia et al., 2012).  
Le compartiment « bois mort » Ŷ’est ĐepeŶdaŶt pas iŵpaĐtĠ de ŵaŶiğƌe uŶifoƌŵe. EŶ effet, le 
volume de bois mort total est composé de nombreux éléments : le bois mort debout ou au sol, de 
petit ou gros diamètre, fraichement mort non décomposé, ou mort et fortement décomposé... En 
Autriche, Rahman et al, (2008) ont montré que la diversité de bois mort était plus faible dans les 
zones exploitées que non exploitées. Moroni et Ryan (2010) ont montré que le bois fraichement 
mort de petit diamètre est plus abondant dans les zones exploitées que non exploitées. Green et 
Peterken (1997) ont trouvé que les gros bois morts sont plus rares dans les zones exploitées que les 
zones non exploitées depuis au moins 100 ans. Lohmus et al, (2005) ont pour leur part trouvé plus de 
gros bois mort au sol dans les zones exploitées que dans les zones en réserve. Ils expliquent ce 
phĠŶoŵğŶe paƌ les Đoupes à ďlaŶĐ Ƌu’oŶt suďies les réserves forestières en Estonie il y a moins de 
200 ans.  
Il faut également prendre en compte les traitements post-exploitation qui peuvent encore plus 
diminuer le volume de bois mort restant. Il peut en effet y avoir la récolte des rémanents pour la 
filière bois énergie (Ranius et al., 2014 ; Rudolphi et Gustafsson, 2005 ; Bouget et al., 2011), ou le 
ďƌoǇage des ƌĠŵaŶeŶts et l’aƌƌaĐhage des souches (Miklin et Cizek, 2014). Le volume de bois mort 
restant est alors réduit de manière drastique.  
De manière générale, le volume de bois mort dans les parcelles non exploitées semble être similaire 
en Europe et en Amérique (Nilsson et al., 2003), et est bien supérieur au volume retrouvé dans les 
  19 
Introduction générale 
zones exploitées (Fridmann et Walheim, 2000 ; Christensen et al., 2005). Naturellement, la 
régénération des stocks de bois mort est un processus lent (Vandekerkhove et al., 2009), mais 
conduisant à des volumes et une diversité constante au sein des différentes phases de la sylvigenèse 
(Larrieu et al., 2014).  
EŶ plus d’ġtƌe uŶ haďitat pƌiŵoƌdial pouƌ la suƌvie de Ŷoŵďƌeuses espğĐes ;NoƌdĠŶ et al., 2004), le 
bois mort assure plusieurs rôles fonctionnels (Stokland et al., 2012) : la protection des sol de 
l’ĠƌosioŶ, soŶ ƌôle pƌoteĐteuƌ vis-à-vis des chutes de blocs en montagne (Bigot, 2014), l’iŶflueŶĐe suƌ 
le cycle de divers éléments (Laiho et Prescott, 1999 ; Holub et al., 2001) ou encore la séquestration 
du CO2 atmosphérique (Luyssaret et al., 2008).  
 
II.2.2.2) …et « dendromicrohabitats » 
De ŵaŶiğƌe siŵplifiĠe, l’haďitat d’uŶe espğĐe ou d’uŶe populatioŶ va ƌegƌoupeƌ tous les ĠlĠŵeŶts 
structurels nécessaires à sa survie (Larrieu, 2014). Un microhabitat ne va pas forcément regrouper la 
totalitĠ de Đes ĠlĠŵeŶts, ŵais eŶ ĐoŶstitue uŶ ĠlĠŵeŶt esseŶtiel. C’est paƌ eǆeŵple le Đas des ŵaƌes 
pour certains batraciens.  
Dans le cas présent, nous employons le terme microhabitat dans le cadre précis des structures 
favorables à la biodiversité des espèces forestières portées par les arbres (vivants ou morts). Ils 
peuvent alors être regroupés sous le terme de dendromicrohabitats (Larrieu, 2014). La bibliographie 
disponible sur le sujet est peu nombreuse, et un travail récent en fait la synthèse (Larrieu, 2014). Un 
deŶdƌoŵiĐƌohaďitat peut paƌ eǆeŵple ġtƌe uŶe ĐavitĠ d’aƌďƌe, uŶ ĐhaŵpigŶoŶ du ďois, du ďois ŵoƌt 
daŶs le houppieƌ ou eŶĐoƌe de laƌges plages de ďois saŶs ĠĐoƌĐe ou plages d’ĠĐoƌĐe décollées du 
tronc (Michel et Winter, 2009 ; Larrieu et Gonin, 2008).  
La pƌoďaďilitĠ d’oĐĐuƌƌeŶĐe des deŶdƌoŵiĐƌohaďitat est plus gƌaŶde suƌ les aƌďƌes de plus foƌt 
diamètre (Larrieu et Cabanettes, 2012 ; Winter et Möller, 2008). Larrieu et al, (2012) ont montré que 
dans des forêts de hêtraie sapinière dans les Pyrénées, le nombre et la diversité en 
dendromicrohabitats étaient plus importants eŶ zoŶe ŶoŶ eǆploitĠe Ƌu’eŶ zoŶe eǆploitĠe. 
L’eǆploitatioŶ foƌestiğƌe, eŶ sĠleĐtioŶŶaŶt et ƌetiƌaŶt les aƌďƌes du cycle naturel de la forêt impacte 
donc profondément la quantité et la diversité des dendromicrohabitats disponibles (Michel et 
WiŶteƌ, 2ϬϬϵͿ. OŶ peut s’atteŶdƌe à avoiƌ plus de deŶdƌoŵiĐƌohaďitats (quantité et diversité) dans 
les stades terminaux de la sylvigenèse que dans les stades pionniers. Pourtant, Larrieu et al, (2014) 
ont constaté que la quantité et la diversité en dendromicrohabitats étaient globalement identiques 
entre les différentes phases naturelles de la sylvigenèse.  
Récemment, Vuidot et al, (2011) ont montré que la quantité et la nature des dendromicrohabitats 
Ŷ’Ġtait pas la ŵġŵe eŶ foŶĐtioŶ des tǇpes foƌestieƌs ĠtudiĠs. CeƌtaiŶes esseŶĐes d’aƌďƌes soŶt plus à 
même de porter des dendromicrohabitats Ƌue d’autƌes, Đoŵŵe le ĐhġŶe ou le hġtƌe, plutôt que le 
sapin. Le chêne est particulièrement reconnu comme pourvoyeur de dendromicrohabitats d’uŶe 
gƌaŶde valeuƌ ĠĐologiƋue et d’uŶe gƌaŶde staďilitĠ teŵpoƌelle ;Ranius et Nilsson, 1997 ; Gouix et 
Brustel, 2012). 
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Les OGF possèdent des compartiments « bois mort » et « dendromicrohabitats » particulièrement 
riches et diversifiés. En retirant du cycle naturel de la sylvigenèse des arbres qui auraient dû mourir et 
se dĠĐoŵposeƌ suƌ plaĐe, l’eǆploitatioŶ foƌestiğƌe iŵpaĐte foƌteŵeŶt le ĐoŵpaƌtiŵeŶt ďois ŵort. De 
même, les arbres présentant des dendromicrohabitats sont généralement retirés du cycle 
sǇlvigĠŶĠtiƋue Ŷatuƌel paƌ l’eǆploitatioŶ, Đaƌ faĐteuƌs d’uŶe dĠpƌĠĐiatioŶ ĠĐoŶoŵiƋue du ďois (ONF, 
2009). Les espèces associées à ces deux compartiments sont viĐtiŵes d’uŶe diŵiŶutioŶ dƌastiƋue de 
leur habitat au sein des forêts exploitées.  
 
III) Biodiversité associée au bois mort et aux dendromicrohabitats 
III.1) Impact de l’exploitation forestière sur la biodiversité associée au bois mort 
III.1.1) Les organismes saproxyliques 
Les organismes saproxyliques sont les espèces qui sont impliquées ou dépendent du processus de 
décomposition du bois par les champignons, ou du produit de cette décomposition, et qui sont 
assoĐiĠes auǆ aƌďƌes vivaŶts Đoŵŵe ŵoƌts. Il ĐoŶvieŶt d’inclure deux groupes supplémentaire à la 
définition : i) les espèces associées aux coulées de sève et des produits de sa décomposition, et ii) les 
organismes autres que les champignons qui consomment directement le bois. » Alexander (2008). Les 
espèces saproxyliques représentent environ 25% des espèces forestières en Scandinavie (Stokland et 
al., 2004), et 20% en Grande-Bretagne (Elton, 1966 in Dajoz, 1998). De manière globale, un quart des 
espèces forestières est considérée comme saproxylique (Bouget, 2007). 
 
Evolution du concept de saproxylisme 
Les organismes dépendant du bois mort ou des dendromicrohabitats appartiennent à différents 
ordres mais peuvent tous être regroupés sous une appellation fonctionnelle identique : les espèces 
saproxyliques. Le terme a été concrétisé par Speight (1989). Il définit alors les invertébrés 
saproxyliques comme les « espğĐes d’iŶveƌtĠďƌĠs Ƌui soŶt dĠpeŶdaŶtes peŶdaŶt uŶe paƌtie au ŵoiŶs 
de leur cycle vital, du bois mort ou mourant, debout ou au sol, ou de champignons du bois mort ou 
d’autƌes oƌgaŶisŵes sapƌoǆǇliƋues ». Cette dĠfiŶitioŶ pƌeŵiğƌe Ŷe peƌŵet pas l’iŶĐlusioŶ des 
champignons du bois, pas plus que les mousses, lichens ou chauves-souris forestières dans le groupe 
foŶĐtioŶŶel des sapƌoǆǇliƋues. Cette iŶĐlusioŶ Ŷ’est venue que plus tard. Une synthèse des réflexions 
menées autour du terme saproxylique lors du symposium international de Mantova a été produite 
par Anon (2003). Le terme saproxylique regroupe alors les organismes qui sont « dépendants 
pendant une partie de leur cycle de vie du bois mort ou des arbres sénescents ou du bois au sol, ou 
d’autƌes oƌgaŶisŵes sapƌoǆǇliƋues ».  
Selon Alexander (2008), le rôle primordial des champignons dans le cycle de décomposition du bois 
mort et le caractère facilitateur sinon obligatoiƌe à l’iŶstallatioŶ d’autƌes espğĐes Ŷ’est pas 
suffisamment pris en compte. De même, le rôle des structures de bois mort ponctuelles sur des 
aƌďƌes vivaŶts ;ĐavitĠs, plages de ďois saŶs ĠĐoƌĐeͿ Ŷ’est pas iŶtĠgƌĠ. Il pƌopose aloƌs la dĠfiŶitioŶ 
retenue ci-dessus.  
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L’ĠvolutioŶ de la dĠfiŶitioŶ du teƌŵe sapƌoǆǇliƋue est ƌĠĐeŶte et eŶgloďe uŶe laƌge gaŵŵe 
d’espğĐes. Il est daŶs ĐeƌtaiŶs Đas dĠliĐat de jugeƌ du ĐaƌaĐtğƌe sapƌoǆǇliƋue d’uŶe espğĐe. EŶ effet, il 
est des compartiments du bois mort qui sont à la fƌoŶtiğƌe d’autƌes ĐoŵpaƌtiŵeŶts ;tel le 
compartiment de la faune du sol). Certaines espèces vont se développer dans le bois mort au sol 
fortement décomposé. Mais est-ce là encore du bois mort ? La limite entre bois mort et humus est 
parfois délicate à définir. L’huŵus foƌestieƌ est Đeƌtes ŵajoƌitaiƌeŵeŶt ĐoŵposĠ de pƌoduits ligŶeuǆ 
ou cellulosiques, mais ne peut être considéré comme du bois mort. Il faut donc user de prudence 
quant à l’affeĐtatioŶ au groupe fonctionnel des saproxyliques, et savoir fixer des limites. Cet exercice 
est ƌeŶdu d’autaŶt plus diffiĐile au vu du ĐoŵpoƌteŵeŶt tƌophiƋue ŵĠĐoŶŶu de Ŷoŵďƌeuses espğĐes 
(Bouget et al., 2005).  
 
Les espèces saproxyliques sont dépendantes des phases de sénescence et de déclin du cycle 
sylvigénétique naturel. Les forts volumes de bois mort ainsi que les arbres porteurs de 
dendromicrohabitats sont des structures clés permettant leur conservation (Stokland et al., 2012 ; 
Kƌauss et Kƌuŵŵ, 2ϬϭϯͿ. Ces ĐoŵpaƌtiŵeŶts soŶt paƌtiĐuliğƌeŵeŶt affeĐtĠs paƌ l’eǆploitation 
forestière. La diminution de volume et de diversité du bois mort ainsi que du nombre de 
dendƌoŵiĐƌohaďitats ĐoƌƌespoŶd à la dispaƌitioŶ et à la fƌagŵeŶtatioŶ spatiale de l’haďitat des 
espèces saproxyliques.  
En Europe, les espèces saproxyliques représentent environ 25% des espèces forestières. Deux 
groupes taxinomiques regroupent la moitié de ces espèces : les champignons (30%) et les 
coléoptères (20%) (Bouget et Brustel, 2009). En France, les coléoptères saproxyliques sont 
représentés par 2500 espèces et ont une large variabilité inter-spĠĐifiƋue du Ŷiveau d’eǆigeŶĐe 
écologique (Bouget et al. 2005). Les exigences écologiques de ces espèces peuvent être faibles 
;l’espğĐe va pouvoiƌ se dĠveloppeƌ daŶs plusieuƌs suďstƌats, de nature différente) ou fortes ;l’espğĐe 
ne peut se développer que dans un type bien précis de substrat, comme par exemple, les cavités 
ďasses d’aƌďƌes feuillus daŶs uŶ Ġtat de dĠveloppeŵeŶt avaŶĐĠes Gouix, 2011). Il faut ajouter à la 
ŶotioŶ d’eǆigeŶĐes écologiques la notion de rareté des espèces. La rareté est due à plusieurs 
faĐteuƌs, Ƌu’ils soieŶt iŶtƌiŶsğƋues auǆ populatioŶs ĐoŶsidĠƌĠes ;faiďle Ŷoŵďƌe d’iŶdividusͿ, ou 
ďiogĠogƌaphiƋues ;i.e liŵite d’aiƌe de ƌĠpaƌtitioŶͿ. UŶe ďoŶŶe sǇŶthğse du ĐoŶĐept de ƌaƌetĠ des 
espèces de coléoptères saproxyliques est fournie par Brustel (2001).  
Les coléoptères saproxyliques sont largement utilisés en Europe et dans le monde comme modèles 
ďiologiƋues pouƌ Ġvalueƌ l’iŵpaĐt des peƌtuƌďatioŶs aŶthƌopiƋues ;ou ŶatuƌellesͿ suƌ la ďiodiveƌsitĠ 
forestière ou la pertinence de mesures conservatoires en forêt.  
Les coléoptères sont des insectes holométaboles. Ils ont un cycle de développement complexe 
constitué de 4 stades (figure5).  
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Figure 5 : Illustration du ĐǇĐle de dĠveloppeŵeŶt d’uŶ ĐolĠoptğƌe ;Coleopteƌa, TeŶeďƌioŶidae, 
Alphitobius diaperinus). 
Le cycle de développement se déroule comme suit : 
L’œuf est poŶdu paƌ la feŵelle suƌ ou daŶs le suďstƌat de dĠveloppeŵeŶt des laƌves. 
La laƌve s’eǆtƌait de l’œuf et va pĠŶĠtƌeƌ daŶs soŶ suďstƌat de dĠveloppeŵeŶt. Ce deƌŶieƌ est 
extrêmement diversifié et varie en fonction des espèces de coléoptğƌes ĐoŶsidĠƌĠes. Il peut s’agiƌ de 
bois fraichement mort (particulièrement apprécié par les Scolytidae, Cerambycidae), de bois carié (i.e 
décomposé par des champignons ; appƌĠĐiĠ des Elateƌidae, LuĐaŶidae...Ϳ, de ĐavitĠs d’aƌďƌes 
(appréciées des Cetoniidae), de fructifications de champignons saproxyliques (appréciées des Ciidae, 
Mycetophagidae) ... Au sein de ces milieux, les larves vont se déplacer et avoir des régimes 
trophiques variés en fonction des espèces. Elles peuvent consommer le substrat même, être 
pƌĠdatƌiĐes d’autƌes oƌgaŶisŵes ou eŶĐoƌe ĐoŵŵeŶsales d’autƌes espğĐes sapƌoǆǇliƋues. Les laƌves 
voŶt effeĐtueƌ la totalitĠ de leuƌ dĠveloppeŵeŶt daŶs le suďstƌat, jusƋu’à la ŶǇŵphose. Cette Ġtape 
du cycle est plus ou moins rapide en fonction des espèces et des conditions climatiques. Elle peut 
varier de quelques mois à plusieurs années.  
La nymphe est une étape de métamorphose qui va permettre à la larve de devenir un imago. La 
nymphe ne se déplace pas dans le substrat, elle reste immobile durant sa transformation. La durée 
de Đette Ġtape du ĐǇĐle est vaƌiaďle eŶ foŶĐtioŶ des espğĐes, ŵais gĠŶĠƌaleŵeŶt de l’oƌdƌe de 
quelques semaines.  
L’iŵago issu de la ŶǇŵphe va s’eǆtƌaiƌe du suďstƌat pouƌ se dĠplaĐeƌ ;paƌ le vol ou la ŵaƌĐheͿ, 
rechercher de la nourriture (en fonction des espèces), un partenaire sexuel, se reproduire puis 
mourir. Tout comme les larves dont ils sont issus, les imagos vont présenter des régimes trophiques 
variés et parfois différents de celui de leurs larves (cf Bouget et al. 2005). Ils peuvent être aphages, 
(la totalité des réserves étant accumulée pendant leur développement larvaire), floricoles, 
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prédateurs... . La durée de ce stade du cycle est variable, pouvant aller de quelques jours à plusieurs 
mois.  
 
Le stade de développement des coléoptères saproxyliques le plus pertinent pour étudier leur lien 
aveĐ les stades ŵatuƌes des foƌġts est le stade laƌvaiƌe. Il est possiďle d’assoĐieƌ pƌĠĐisĠŵeŶt les 
espèces et leur substrat de développement. Cependant, aucune méthode standardisée de récoltes 
des laƌves Ŷ’est aĐtuelleŵeŶt dispoŶiďle. De plus, la ƌĠĐolte des laƌves iŵpliƋue uŶe dĠgƌadatioŶ 
iŵpoƌtaŶte des suďstƌats de dĠveloppeŵeŶt laƌvaiƌe. EŶfiŶ, l’ideŶtifiĐatioŶ des laƌves de ĐolĠoptğƌes 
saproxyliques est particulièrement difficile, faute de documents et de compétences disponibles.  
Le stade du ĐǇĐle le plus utilisĠ pouƌ l’Ġtude des ĐolĠoptğƌes sapƌoǆǇliƋues eŶ foƌġt –et retenu pour 
nos expérimentations- est l’iŵago. Des ŵĠthodes staŶdaƌdisĠes pouƌ leuƌ ĠĐhaŶtilloŶŶage eǆisteŶt 
(NageleiseŶ et Bouget, 2ϬϬϵͿ, la plupaƌt Ŷ’iŵpliƋuaŶt pas la dĠgƌadatioŶ de leuƌ haďitat. UŶe 
littĠƌatuƌe aďoŶdaŶte est dispoŶiďle pouƌ l’ideŶtifiĐatioŶ de la plupaƌt des faŵilles. La possiďilitĠ 
d’avoiƌ aĐĐğs au ƌĠseau d’eŶtoŵologistes ŶatioŶal et eǆtƌaŶatioŶal spĠcialisés sur les coléoptères 
saproxyliques est venue conforter notre choix. 
 
III.ͷ.͸) Augmentation de la probabilité d’extinction  
La ƋuaŶtitĠ et ƋualitĠ d’haďitats dispoŶiďles iŶflueŶĐeŶt la pƌoďaďilitĠ d’eǆtiŶĐtioŶ des populatioŶs 
(Ranius et Fahrig, 2006 ; Ranius et Kindvall, 2006Ϳ. C’est paƌ eǆeŵple le Đas pouƌ Osmoderma eremita 
;Coleopteƌa, CetoŶiidaeͿ Ƌui vit daŶs les ĐavitĠs d’aƌďƌes. Sa pƌoďaďilitĠ d’eǆtiŶĐtioŶ augŵeŶte aveĐ 
la diminution du volume des cavités (Ranius, 2007). Dans une approche par modélisation, Ranius et 
Roberge (2011) ont étudié la réaction de cinq espèces fictives toutes dépendantes de conditions 
écologiques particulières à la diminution de leur habitat. Dans tous les cas de figure, la probabilité 
d’eǆtiŶĐtioŶ augŵeŶtait aveĐ la diŵiŶutioŶ de l’haďitat.  
L’iŵpaĐt de l’eǆploitatioŶ foƌestiğƌe ;dispaƌitioŶ d’haďitat et/ou fƌagŵeŶtatioŶ spatialeͿ suƌ les 
espèces saproxyliques qui y sont abritées ne suit pas toujours une relation linéaire. Des effets de 
seuils ont été mis en évidence pour plusieurs groupes taxinomiques (oiseaux, mammifères, insectes 
…Ϳ au seiŶ de la ĐoŵŵuŶautĠ foŶĐtioŶŶelle des sapƌoǆǇliƋues ;Carlson, 2000 ; Roberge et al., 2008 ; 
Bütler et al., 2004 ; Reunanen et al., 2ϬϬϰͿ. EŶ deçà d’uŶe ĐeƌtaiŶe ƋuaŶtitĠ d’haďitat daŶs le 
paysage, le déclin des populations considérées sera plus ƌapide Ƌue la peƌte d’haďitat ;Andrén, 1994, 
ϭϵϵϲͿ. Toutes les espğĐes Ŷe voŶt pas ƌĠagiƌ auǆ ŵġŵes seuils d’haďitat. CeƌtaiŶes espğĐes ont 
besoiŶ de plus d’haďitat Ƌue d’autƌes pouƌ assuƌeƌ leuƌ suƌvie ;HollaŶd et al., 2005) et les seuils de 
pƌoďaďilitĠ d’eǆtiŶĐtioŶ des espğĐes ne seront donc pas les mêmes. Il faut noter que ces seuils de 
pƌoďaďilitĠ d’eǆtiŶĐtioŶ dĠpeŶdeŶt des ĠĐhelles spatiales et temporelles considérées (Engen et al., 
2002 ; Paltto et al., 2006 ; Kuussaari et al., 2009).  
 
III.1.3) Diminution de la viabilité des populations à différentes échelles 
Dans un habitat satisfaisant aux exigences écologiques des espèces qui y habitent, la démographie de 
ces espèces est stable, bien que possiblement cyclique (Maquet et al., 2007). La disparition et la 
fƌagŵeŶtatioŶ de l’haďitat va ĐoŶduiƌe à la diŵiŶutioŶ de la dĠŵogƌaphie des espğĐes ĐoŶsidĠƌĠes. 
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Dans le cas des espèces saproxyliques, Đette ƌelatioŶ eŶtƌe dispaƌitioŶ d’haďitat et diŵiŶutioŶ de la 
démographie suit en général des relations à effets de seuils. Carlson (2000), Roberge et al, (2008), 
Virkkala et al, (1993) ont principalement étudié les pics. Les populations de pics sont en déclin dans 
les zoŶes eǆploitĠes, et viaďles daŶs les zoŶes ŶoŶ eǆploitĠes. Ces Ġtudes Ŷe se soŶt iŶtĠƌessĠes Ƌu’à 
l’iŵpaĐt loĐal de la dispaƌitioŶ d’haďitat suƌ la viaďilitĠ des populatioŶs. DaŶs le Đas paƌtiĐulieƌ des 
coléoptères saproxyliques, Martikainen et al, (2000) ont constaté que 78% des espèces qui étaient en 
commun entre zones exploitées et zones non exploitées présentaient des abondances plus 
importantes en zones non exploitées.  
 
III.1.3.1) Le rôle de la densité d’habitat dans le paysage 
Le cas paƌtiĐulieƌ de l’ĠĐuƌeuil volaŶt de SiďĠƌie illustƌe la ŶĠĐessitĠ de ĐoŵďiŶeƌ deuǆ Ŷiveauǆ 
d’appƌoĐhes spatiales ;paǇsage et loĐalͿ pouƌ assuƌeƌ la ĐoŶseƌvatioŶ des populatioŶs ;‘euŶaŶeŶ et 
al., 2001). Cette espèce a besoin au sein du paysage de plusieurs types de ressources pour effectuer 
son cycle de vie. Ponctuellement, des zones avec des essences feuillues doivent être maintenues. Au 
niveau du paysage, une matrice forestière doit être assurée entre les différents patches de feuillus 
pour permettre le déplacement des individus entre ceux-ci (Reunanen et al., 2001). Si certains de ces 
éléments venaient à faire défaut ou être en proportions insuffisantes, la viabilité des populations 
serait affectée (Reunanen et al., 2ϬϬϭͿ. L’iŵpoƌtaŶĐe de la ĐoŶsidĠƌatioŶ d’ĠĐhelles ŵultiples pouƌ la 
conservation des espèces a également été mise en évidence pour les communautés végétales. 
Cousins et Vanhohenaker (2011) ont par exemple mis en évidence que la survie locale des 
populations ne traduisait pas forcément la survie de l’espğĐe au Ŷiveau du paǇsage. AiŶsi, l’Ġtude des 
effets d’uŶe peƌtuƌďatioŶ à uŶe ĠĐhelle loĐale Ŷ’est Ƌu’uŶ apeƌçu de la totalitĠ des pƌoĐessus en 
cours. Il est nécessaire de rappeler que la totalité du processus doit être appréhendé à diverses 
échelles spatiales. Ceci est également vrai pour les insectes (Roland et Taylor, 1997), et en particulier 
pour les coléoptères saproxyliques (Okland et al., 1996 ; Holland et al., 2004). Sahlin et Schroeder 
;2ϬϭϬͿ pƌĠĐoŶiseŶt aiŶsi l’augŵeŶtatioŶ de la taille des ilots feuillus au seiŶ de la ŵatƌiĐe ƌĠsiŶeuse 
mais également l’aĐĐƌoisseŵeŶt de leur proportion dans le paysage pour augmenter la viabilité des 
populatioŶs d’espğĐes de Đoléoptères saproxyliques associées.  
PouƌtaŶt, la ŵise eŶ plaĐe d’Ġtudes et de stƌuĐtuƌes de ĐoŶseƌvatioŶ est plus généralement effectuée 
à l’ĠĐhelle loĐale Ƌu’à l’ĠĐhelle paǇsagğƌe ;SĐhǁaƌtz, ϭϵϵϵͿ.  
 
III.1.3.2) Une réponse décalée dans le temps 
L’ĠĐhelle temporelle est également un paramètre clé pour assurer la conservation des espèces. Une 
ŵodifiĐatioŶ ďƌutale de l’haďitat pouƌƌa paƌ eǆeŵple Ŷ’avoiƌ de ĐoŶsĠƋueŶĐes suƌ la ďiodiveƌsitĠ Ƌui 
eŶ dĠpeŶd Ƌue plus taƌd. C’est le ĐoŶĐept de dette d’eǆtiŶĐtioŶ ;Kuussaari et al., 2009). Cet effet 
stipule Ƌu’uŶe populatioŶ peut suďiƌ les effets ŶĠgatifs d’uŶe peƌtuƌďatioŶ de soŶ haďitat Ƌu’apƌğs 
un délai. AiŶsi, uŶe ƌĠduĐtioŶ d’haďitat peut Ŷe pas iŶflueŶĐeƌ uŶe populatioŶ au moment ou elle 
intervient. En revanche, Đette populatioŶ veƌƌa ses effeĐtifs diŵiŶueƌ jusƋu’à dispaƌaitƌe loĐaleŵeŶt, 
aloƌs Ƌue la ƋuaŶtitĠ et la ƋualitĠ d’haďitat Ŷ’auƌoŶt pas ou peu ĐhaŶgĠ ;Kƌauss et Kƌuŵ, 2ϬϭϯͿ. OŶ 
appelle Đes populatioŶs des ͚liviŶg dead populatioŶs’ ;Bässler et Müller, 2010). Bien souvent, 
l’estiŵatioŶ du dĠlai eŶtƌe peƌtuƌďatioŶ et eǆtiŶĐtioŶ loĐale des populatioŶs est ŵal appƌĠheŶdĠ 
(Jonsell, 2007 ; Sang et al., 2010 ; Cousins et Vanhohenacker, 2011). Dans une approche de 
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modélisation, Ranius et Roberge (2011) ont estimé que les phĠŶoŵğŶes d’eǆtiŶĐtioŶ pouvaieŶt 
prendre entre 50 et 150 ans.  
 
III.ͷ.ͺ) Réduction du nombre d’espèces dans les communautés III.1.4.1) Pool total d’espèces 
La pƌoďaďilitĠ de suƌvie des espğĐes foƌestiğƌes est affeĐtĠe de ŵaŶiğƌe ŶĠgative paƌ l’aĐtivité 
huŵaiŶe. Si auĐuŶe ŵesuƌe ĐoŶseƌvatoiƌe Ŷ’est ŵise eŶ plaĐe, des populatioŶs peuveŶt s’ĠteiŶdƌe 
loĐaleŵeŶt. De Đe fait, les zoŶes foƌestiğƌes eǆploitĠes devƌaieŶt aďƌiteƌ ŵoiŶs d’espğĐes 
saproxyliques que les zones forestières non-eǆploitĠes. C’est Đe Ƌu’oŶt oďseƌvĠ MaƌtikaiŶeŶ et al, 
(2000) qui ont étudié la richesse spécifique en coléoptères de pessières exploitées et non exploitées 
eŶ FiŶlaŶde. Ils oŶt dĠteĐtĠ uŶ Ŷoŵďƌe d’espğĐes total diffĠƌeŶt eŶtƌe les plaĐettes eǆploitĠes et ŶoŶ 
exploitées, les plaĐettes ŶoŶ eǆploitĠes pƌĠseŶtaŶt la plus gƌaŶde ƌiĐhesse d’espğĐes. Similä et al, 
;2ϬϬϯͿ oŶt tƌouvĠ plus d’espğĐes de ĐolĠoptğƌes spĠĐialistes daŶs les zoŶes les ŵoiŶs souŵises à 
l’eǆploitatioŶ paƌ ƌappoƌt auǆ zoŶes suďissaŶt uŶe eǆploitatioŶ foƌte. Penttilä et al, (2004) ont étudié 
la ƌiĐhesse eŶ espğĐes de ĐhaŵpigŶoŶs sapƌoǆǇliƋues le loŶg d’uŶ gƌadieŶt d’iŶteŶsitĠ d’eǆploitatioŶ 
foƌestiğƌe. Les zoŶes les ŵoiŶs iŵpaĐtĠes paƌ l’eǆploitatioŶ foƌestiğƌe possĠdaieŶt uŶ Ŷoŵďƌe 
d’espğĐes de ĐhaŵpigŶoŶs sapƌoxyliques plus élevé que les zones les plus fortement exploitées. 
De plus, les ĐoŵŵuŶautĠs de paƌasites d’oƌgaŶisŵes sapƌoǆǇliƋues ĠtaieŶt aďseŶtes au seiŶ des 
zoŶes eǆploitĠes et Ŷ’ĠtaieŶt ƌetƌouvĠs Ƌue daŶs les zoŶes ŶoŶ eǆploitĠes ;KoŵoŶeŶ et al., 2000). 
Au contraire, Müller et al, ;2ϬϬϳͿ, Ŷ’oŶt pas dĠteĐtĠ uŶ Ŷoŵďƌe d’espğĐes total de ĐolĠoptğƌes, 
oiseaux ou mycètes différent entre les placettes exploitées et non exploitées. Cependant, la 
composition en espèces différait entre placettes exploitées et placettes non exploitées. Une 
pƌopoƌtioŶ sigŶifiĐativeŵeŶt plus iŵpoƌtaŶte d’espğĐes dĠpeŶdaŶtes des ĐaƌaĐtĠƌistiƋues 
structurelles des OGF était présente au sein des placettes non exploitées.  
De ŵaŶiğƌe gĠŶĠƌale, oŶ oďseƌve plus d’espğĐes daŶs les zoŶes ŶoŶ exploitées que dans les zones 
exploitées, que ce soit pour les lichens, mousses, champignons, insectes, oiseaux ou chauves-souris. 
De plus, les espèces supplémentaires observées en zones non exploitées sont généralement des 
espèces spécialistes des phases finales du cycle sylvicole.  
 
III.1.4.2) Espèces rares ou sur listes rouges 
Les espğĐes gĠŶĠƌalistes soŶt Đapaďles de ĐoŵpeŶseƌ la peƌte de leuƌ haďitat eŶ s’iŶstallaŶt daŶs des 
habitats de substitution de la même manière que dans leur habitat originel. Au contraire, les espèces 
spĠĐialistes, dĠpeŶdaŶtes de ĐoŶditioŶs d’haďitat siŶguliğƌes soŶt plus susĐeptiďles d’ġtƌe iŵpaĐtĠes 
par la disparition et fragmentation de leur habitat originel (Reunanen et al., 2001). Parmi les espèces 
saproxyliques, certaines voŶt se spĠĐialiseƌ suƌ du ďois fƌaiĐheŵeŶt ŵoƌt, et d’autƌes suƌ de foƌts 
volumes de bois fortement dégradé. Ces dernières vont dépendre de niveaux trophiques supérieurs. 
Komonen et al, (2000) ont mis en évidence une simplification des niveaux trophiques d’haďitat 
drastique entre zones exploitées et zones non exploitées. Les espèces dépendantes de hauts niveaux 
trophiques sont connues pour être particulièrement vulnérables à la diminution et à la fragmentation 
de leur habitat (Gibb et al., 2008). Il en résulte la disparition de ces espèces des zones exploitées. 
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C’est paƌ eǆeŵple le Đas pouƌ les polǇpoƌes Penttilä et al, (2004), les mousses (Sabovljevic et al., 
2010 ; Odor et al., 2006), les chauves-souris (Krusic et al., 1996) ou les insectes (Grove, 2002a), en 
paƌtiĐulieƌ les ĐolĠoptğƌes ;SiitoŶeŶ et Saaƌisto, 2ϬϬϬͿ. Cette diŵiŶutioŶ s’oďseƌve ĠgaleŵeŶt suƌ 
plusieuƌs gƌoupes au seiŶ d’uŶ ŵġŵe tǇpe foƌestieƌ ;Mülleƌ et al., 2007). Les espèces prioritairement 
affeĐtĠes paƌ l’eǆploitatioŶ foƌestiğƌe soŶt Đelles dépendant des gros bois morts debout ou au sol 
(Odor et al., 2006 ; Carlson, 2000 ; Roberge et al., 2008 ; Virkkala et al., 1993).  
Les espğĐes ƌaƌes peuveŶt doŶĐ ġtƌe des espğĐes spĠĐialistes, tƌiďutaiƌes d’haďitats pƌioƌitaiƌeŵeŶt 
iŵpaĐtĠs paƌ l’eǆploitation forestière. Elles soŶt de Đe fait d’eǆĐelleŶts iŶdiĐateuƌs de l’Ġtat de 
ĐoŶseƌvatioŶ d’uŶ ŵilieu foƌestieƌ. La ƌaƌetĠ d’uŶe espğĐe peut ĐepeŶdaŶt ġtƌe due à uŶe ƌĠpaƌtitioŶ 
géographique restreinte, et non pas à un régime trophique élevé. Un indice de rareté des espèces de 
ĐolĠoptğƌes sapƌoǆǇliƋues a ĠtĠ pƌoposĠ paƌ Bƌustel, ;2ϬϬϭͿ pouƌ peƌŵettƌe d’Ġvalueƌ l’Ġtat de 
conservation des forêts en France. Bien que ce travail ne comporte « que » 300 espèces, il est 
largement utilisé pour la sélection de zoŶes d’iŵplaŶtatioŶ de ƌĠseƌves ou ilots de vieuǆ ďois eŶ foƌġt. 
UŶ tƌavail de sǇŶthğse et d’ĠvaluatioŶ de la valeuƌ patƌiŵoŶiale des ĐolĠoptğƌes sapƌoǆǇliƋues de 
France est actuellement en cours (Bouget et al., 2008).  
 
IV) Quels outils pour la conservation des espèces saproxyliques ? 
IV.1) Les réseaux d’habitat : Exemple de la Trame Verte et Bleue 
La fragmentation des habitats est aujourd'hui considérée comme une des causes majeures de 
l'érosion de la biodiversité (Ehrlich, 1988 ; Wilcox et Murphy, 1985). Le risque d'extinction locale des 
espèces se maintenant sur de faibles surface est élevé (Gilg, 2004). Lorsque ces surfaces augmentent, 
leuƌ fƌĠƋueŶĐe augŵeŶte et leuƌ pƌoďaďilitĠ d’eǆtiŶĐtioŶ diŵiŶue ;SahliŶ et SĐhƌoedeƌ, 2010). En 
réponse à ce phénomène, rétablir et/ou renforcer les liens entre les différentes parties d'un habitat 
en vue d'augmenter sa connectivité est une stratégie d'action. L'augmentation de la connectivité du 
milieu permet également d'augmenter virtuellement sa surface. C'est le principe du Réseau 
écologique paneuropéen (Conseil de l'Europe, 2003) et de la Trame Verte et Bleue (TVB), issue du 
Grenelle de l'Environnement. 
 
IV.1.1) La sous-trame des très vieux bois (TTVB) 
Le cas particulier du compartiment écologique des habitats favorables aux organismes saproxyliques 
permet de discerner une structure intrinsèque à la Trame Verte et Bleue, la Trame de Très Vieux Bois 
(TTVB). Elle est constituée d'éléments répartis sur l'ensemble du territoire national français, pouvant 
être forestiers ou non forestiers.  
 
IV.1.2) Différents éléments constituant la TTVB 
IV.1.2.1) Les éléments forestiers en forêt publique 
Plusieurs mesures de gestion sont actuellement disponibles pour favoriser la conservation des 
cortèges saproxyliques forestiers en France (ONF, 2009 ; Mourey et Touroult, 2010) et vont 
constituer les éléments forestiers de la TTVB.  
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(i) Les réserves forestières sont des éléments clés pour la préservation de larges surfaces d’haďitat. 
Le terme réserve traduit bien des réalités. En effet, le statut de pƌoteĐtioŶ et le degƌĠ d’iŶteƌveŶtioŶ 
humaine autorisé ne sont pas les mêmes en fonction des pays et des dénominations (Parviainen et 
al., 2ϬϬϬͿ. Le pƌiŶĐipe d’aĐtioŶ des ƌĠseƌves pouƌ la ĐoŶseƌvatioŶ de la ďiodiveƌsitĠ ƌepose suƌ le 
principe de la reconstitution naturelle des compartiments endommagés. Les zones forestières non 
soumises à exploitation vont alors petit à petit regagner des éléments caractéristiques des OGF (Gilg, 
2004 ; Stockland et al., 2012). Leur habitat reconstitué, les populations des espèces qui en dépendent 
voŶt aloƌs pouvoiƌ s’Ǉ dĠveloppeƌ de Ŷouveau. CeĐi tƌaduit la ŶĠĐessitĠ d’avoiƌ soit des populatioŶs 
relictuelles au sein de la forêt qui vont venir coloniser ces nouveaux habitats, soit de penser à 
l’ĠĐhelle du teƌritoire pour former un réseau fonctionnel permettant à des populations lointaines de 
venir coloniser ces nouveaux habitats. Pourtant, les réserves forestières sont plus généralement 
ŵises eŶ plaĐe au Ŷiveau loĐal Ƌu’au Ŷiveau paǇsageƌ ;SĐhǁaƌtz, ϭϵϵϵͿ.  
 
(ii) Les ilots de vieux bois sont une mesure de conservation phare en France (ONF, 2009 ; Rouveyrol, 
2009 ; Témoin, 2009 ; Tositti, 2004), mais aussi en Suisse (Lachat et Bütler, 2007), et au Canada (Déry 
et Leblanc, 2005). Il est à noter que des structures équivalentes existent dans les pays scandinaves 
(Timonen et al., 2010) et en Amérique (Tittler et al., 2001). Contrairement aux réserves forestières ils 
pƌĠseŶteŶt l’avaŶtage de pouvoiƌ ġtƌe ŵis eŶ plaĐe suƌ de petites suƌfaĐes ;ϭhaͿ et de Ŷe pas 
présenteƌ de gƌaŶde peƌte de pƌoduĐtivitĠ. Paƌfois ŵġŵe, ils peƌŵetteŶt d’oďteŶiƌ des ďois de 
grande qualité en fonction de leur nature. Le terme « Ilots de vieux bois » regroupe donc deux 
notions en France : les ilots de vieillissement et les ilots de sénescence.  
L’ilot de vieillissement est un petit peuplement ayant dépassé les critères optimaux d'exploitabilité 
ĠĐoŶoŵiƋue et Ƌui ďĠŶĠfiĐie d'uŶ ĐǇĐle sǇlviĐole pƌoloŶgĠ pouvaŶt alleƌ jusƋu’au douďle de Đeuǆ-ci. 
L'ilot de vieillissement peut faire l'objet d'interventions sylvicoles. Les arbres objectifs sont récoltés à 
leur maturité et, en tout état de cause, avant dépréciation économique de la bille de pied. (ONF, 
2009). Les diamètres des arbres au sein des ilots de vieillissement seront donc plus iŵpoƌtaŶts Ƌu’au 
seiŶ des paƌĐelles eǆploitĠes voisiŶes. OŶ s’atteŶd aloƌs à Ǉ tƌouveƌ plus d’espğĐes, le diaŵğtƌe des 
gros arbres étant un indicateur de la richesse du milieu (Grove, 2002b).  
L’ilot de sénescence est un petit peuplement laissé en évolution libre sans intervention sylvicole et 
conservé jusqu'à son terme physique, c'est-à-dire jusqu'à l'effondrement des arbres (ONF, 2009). 
C’est uŶe soƌte de ƌĠseƌve foƌestiğƌe de toute petite suƌfaĐe.  
En fonction de leur surface et de leur capacité à générer du bois mort, les ilots de sénescence 
peuvent être permanents ou itinérants (Lachat et Bütler, 2ϬϬϳͿ. La taille ŵoǇeŶŶe d’uŶ ilot de vieux 
ďois est aĐtuelleŵeŶt d’eŶviƌoŶ ϭha ;Tositti, 2005), surface assurant la présence continue de bois 
mort au cours du temps (Lachat et Bütler, 2007). En fonction des contextes, la proportion objectif 
d’ilots de vieillisseŵeŶt peut aller de 2% à 5% ou plus (Tableau 1).  
 
;iiiͿ L’aƌďƌe-habitat est un élément qui vient renforcer le réseau créé par les réserves forestières et 
les ilots de vieuǆ ďois au seiŶ de la foƌġt. Il s’agit gĠŶĠƌaleŵeŶt d’uŶ aƌďƌe vivaŶt poƌteuƌ de 
deŶdƌoŵiĐƌohaďitats ;ĐavitĠs hautes, polǇpoƌes, ĠĐoƌĐes dĠhisĐeŶtes…Ϳ. Il peut ĠgaleŵeŶt se 
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pƌĠseŶteƌ sous la foƌŵe d’uŶ vieil aƌďƌe ou d’uŶ tƌğs gƌos aƌďƌe de l’esseŶĐe oďjeĐtif ou des esseŶĐes 
d’aĐĐoŵpagŶeŵeŶt ;ONF, 2ϬϬϵͿ. UŶ Đas paƌtiĐulieƌ de l’aƌďƌe-haďitat est l’aƌďƌe ŵoƌt. CeƌtaiŶs 
auteuƌs ĐoŶsidğƌeŶt Đet aƌďƌe Đoŵŵe du ďois ŵoƌt suƌ pied et Ŷe l’iŶtğgƌeŶt pas eŶ taŶt Ƌu’aƌďƌe-
habitat (Lachat et Bütler, 2ϬϬϳͿ. AĐtuelleŵeŶt, l’ONF pƌĠĐoŶise le ŵaiŶtieŶ d’uŶe ŵoǇeŶŶe de ϯ 
arbres-haďitat paƌ heĐtaƌe, aveĐ uŶ ŵiŶiŵuŵ de ϭ aƌďƌe ŵoƌt à l’heĐtaƌe ;Taďleau XͿ ;ONF, 2009). 
LaĐhat et Bütleƌ ;2ϬϬϳͿ estiŵeŶt pouƌ leuƌ paƌt eŶtƌe ϴ et ϭ2 le Ŷoŵďƌe ŵiŶiŵal d’aƌďƌes-habitat à 
ĐoŶseƌveƌ paƌ heĐtaƌe daŶs les foƌġts Suisses pouƌ Ƌu’ils puisseŶt assuƌeƌ leuƌ ƌôle de ĐoŶseƌvation et 
de relais. Ces arbres-habitat sont en effet supposés jouer le rôle de points de relais entre des habitats 
à plus grande échelle (ilots ou réserves forestières) (Lachat et Bütler, 2007). 
 
 
Surface forestière totale Cas particuliers 
 
Moins de 300ha 300ha 
Plus de 
300 ha 
Zones à forts 
enjeux de 
préservation 
Zones de 
montagne 
Ilot de vieillissement 
Pas de seuil 
minimal 
1% 
2% 
Entre 2% et 
5% 
De 2% à 5% 
ou plus 
Ilot de sénescence 1% 
Entre 1% et 
3% 
De 1% à 3% 
ou plus 
Nombre d'aménagements pour arriver à 
l'objectif (ilots uniquement) 
Pas de durée 
définie 
3 (entre 30 et 60 
ans) 
3 ou moins (60 ans au 
plus) 
Réserves forestières Pas d’oďjeĐtif ĐhiffƌĠ 
Arbres-habitats (dont au moins un mort 
de plus de 35cm de diamètre) 
3 arbres habitats / Ha 
Tableau 1 : SǇŶthğse des suƌfaĐes et Ŷoŵďƌe d’ĠlĠŵeŶts de la TTVB à ĐoŶseƌveƌ eŶ foƌġts puďliƋues. 
(ONF, 2009). 
 
IV.1.2.2) Les éléments forestiers en forêt privée 
La forêt privée représente environ 75% de la surface forestière Française (IGN, 2014). La mise en 
place des mesures conservatoires en faveur de la biodiversité est laissée à la discrétion des 
propriétaires privés. Ainsi, près de ϳϱ% de la foƌġt eŶ FƌaŶĐe Ŷ’est pas souŵise à des oďligatioŶs de 
ĐoŶseƌvatioŶ. Ce ĐoŶstat est iŶƋuiĠtaŶt. Les politiƋues puďliƋues Ŷ’iŶĐiteŶt pas les pƌopƌiĠtaiƌes 
privés à installer de telles structures en proposant des compensations financières (sauf dans le cas 
particulier des sites Natura 2000). Pourtant, la mise en place de mesures financières compensatoires 
seƌait ďieŶ peƌçue paƌ les pƌopƌiĠtaiƌes pƌivĠs, Ƌui aĐĐepteƌaieŶt aloƌs l’aƌƌġt d’eǆploitatioŶ loĐal de 
leur forêt (Götmark et al., 2000). La totalitĠ des foƌġts pƌivĠes eŶ FƌaŶĐe Ŷ’est pas eǆploitĠe. CeƌtaiŶs 
pƌopƌiĠtaiƌes igŶoƌeŶt Ƌu’ils possğdeŶt des teƌƌitoiƌes foƌestieƌs, et d’autƌes Ŷe les eǆploiteŶt pas. Ces 
zones sont alors assimilables à des réserves forestières intégrales passives, jouant un rôle 
déterminant dans la conservation de la biodiversité (Müller et al., 2010).  
 
IV.1.2.3) Les éléments non forestiers 
La TTVB ne se limite pas aux structures forestières. Des éléments boisés tels que les parcs urbains ou 
encore les bosquets, les arbres isolés sont autant de constituants de la TTVB. Ils sont d'origine 
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variable (lambeaux d'anciennes forêts, arbres repères...) mais ont tous une valeur de refuge 
importante pour les espèces saproxyliques (Jonsell 2004 ; Ohsawa 2007 ; Vignon 2006).  
Peu d’Ġtudes se soŶt foĐalisĠes suƌ la ĐapaĐitĠ d’aĐĐueil des diffĠƌeŶts ĠlĠŵeŶts ŶoŶ foƌestieƌs de la 
TTVB vis-à-vis des coléoptères saproxyliques. La plupart des études existantes à travers le monde 
concernent les fourmis (Gove et al., 2009 ; Dunn, 2000), les chauves-souris (Lumsden et Bennett, 
2005) ou encore les plantes épiphytes (Werner, 2011Ϳ. EŶ Euƌope, auĐuŶe Ġtude Ŷ’a eŶĐoƌe ĐoŵpaƌĠ 
la contribution respective de chaque élément non forestier de la TTVB vis-à-vis des coléoptères 
saproxyliques. Des études au cas par cas assimilables à des explorations faunistiques ont été menées 
pour certains de ces éléments (Carpaneto et al., 2010 ; Dubois, 2009 ; Jonsell, 2004,2012 ; Ohsawa, 
2007 ; Vignon, 2006).  
La plupart de ces éléments sont en régression depuis 1960 (Boureau et al., 2005 ; Pointereau et 
Coulon, 2006). Le rythme de disparition des haies était élevé entre 1960 et 1980 (45.000 km/an) puis 
a diminué entre 1980 et 1990 (15.000km/an) et s'est stabilisé depuis (Pointereau et Coulon, 2006). 
On observe également un accroissement de l'âge des arbres constitutifs des haies alors que leur 
linéaire diminue (Pointereau, 2001). Ceci pose la question de leur renouvellement et de la survie des 
espèces d'insectes saproxyliques qui s'y sont réfugiées.  
 
V) Données d’étude 
V.1) Données propres 
Mes investigations de terrain se sont axées sur les chênaies de plaine du nord de la France, dans les 
contextes continentaux et atlantiques. En 2012, ce sont 11 sites forestiers qui ont été étudiés, et 5 
sites forestiers avec leur pendant hors forêt en 2013. Dans tous les cas de figure, les peuplements 
étudiés étaient composés de très gros bois (DBH>70cm) à des densités variables.  
V.2) Données mutualisées  
EŶ supplĠŵeŶt auǆ doŶŶĠes ƌĠĐoltĠes suƌ les sites d’Ġtude eǆposĠs Đi-dessus, nous avons pu 
travailler sur des jeux de données mutualisés entre différentes structures partenaires, nationales ou 
EuƌopĠeŶŶes. Les tǇpes foƌestieƌs ĠtudiĠs Ŷ’ĠtaieŶt pas liŵitĠs à la chênaie mais comprenaient 
également des zones de hêtraie et de sapinière ainsi que des peuplements mixtes.  
 
VI) Objectifs de recherche 
VI.1) Les coléoptères saproxyliques en tant qu’indicateurs de la biodiversité saproxylique 
La totalité des organismes saproxyliques en forêt est trop grande pour être appréhendée dans sa 
gloďalitĠ. Nous avoŶs Đhoisi le gƌoupe des ĐolĠoptğƌes sapƌoǆǇliƋues Đoŵŵe pƌoǆǇ d’Ġtude à la 
totalité de la faune et flore saproxylique. Ce choix est basé sur le constat suivant : 30% des espèces 
forestières sont liées au bois mort et parmi elles, 30% sont des Mycètes et 20% des coléoptères 
(Stokland et Meyeke, 2008). Bien que le groupe des Mycètes soit plus représentatif de la totalité des 
oƌgaŶisŵes sapƌoǆǇliƋues eŶ foƌġt, l’ĠĐhaŶtilloŶnage de ce groupe ainsi que son identification sont 
délicates et nécessitent des compétences avancées. Les coléoptères saproxyliques sont en revanche 
foƌteŵeŶt ĠtudiĠs depuis ƋuelƋues aŶŶĠes, Đoŵŵe eŶ tĠŵoigŶe l’aďoŶdaŶte littĠƌatuƌe sĐieŶtifiƋue 
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et naturaliste qui leur est dédiée à travers le monde. La possibilité de se reposer sur le réseau 
EŶtoŵologie de l’ONF pouƌ les ideŶtifiĐatioŶs de gƌoupes paƌtiĐuliğƌeŵeŶt dĠliĐats a peƌŵis 
d’eŶtĠƌiŶeƌ Đe Đhoiǆ. Mes ĐoŵpĠteŶĐes peƌsoŶŶelles pouƌ l’ideŶtifiĐatioŶ et l’iŶtĠƌġt poƌtĠ au gƌoupe 
d’Ġtude ;AŶŶeǆe 1) sont venus soutenir ce choix.  
 
VI.2) Axes de recherche 
L’oďjeĐtif de Đette thğse est de ŵieuǆ ĐoŵpƌeŶdƌe le ƌôle jouĠ paƌ les diffĠƌeŶts ĠlĠŵeŶts de la TTVB 
à la conservation des espèces saproxyliques, aux échelles spatiales locales et paysagères. Cet objectif 
a été mené en déclinant notre approche en deux axes, correspondant aux deux échelles spatiales 
envisagées :  
 
- Quel est le rôle intrinsèque des éléments de la Trame de Très Vieux Bois à la conservation 
des coléoptères saproxyliques ?  
Nous cherchons à comprendre comment ces structures prises de manière individuelle vont 
contribuer à cette préservation. Nous avons étudié un élément particulier de la TTVB hors forêts, les 
arbres isolés. En forêt, nous avons étudiĠ l’iŵpaĐt de la ŵise eŶ ƌĠseƌve ou eŶ ilot de vieillisseŵeŶt 
sur les caractéristiques structurelles du milieu –en particulier les compartiments « bois mort » et 
« dendromicrohabitats ». Ensuite, nous avons mis en relation modifications structurelles du milieu et 
caractéristique » des asseŵďlages d’espğĐes ĠĐhaŶtilloŶŶĠes ;ƌiĐhesse spĠĐifiƋue, aďoŶdaŶĐe, 
composition).  
 
- Quelle est l’iŶflueŶĐe de la ƋuaŶtitĠ d’ĠlĠŵeŶts de la TTVB daŶs le paǇsage sur les 
asseŵblages d’espğĐes de ĐolĠoptğres saproǆǇliƋues ?  
Nous Ŷous soŵŵes foĐalisĠs suƌ l’iŵpoƌtaŶĐe de la ƋuaŶtitĠ et ƋualitĠ d’haďitats favoƌaďles au 
niveau du paysage pour la conservation des coléoptères saproxyliques. Cette approche a été 
conduite en plaine et en montagne, au niveau national mais est égaleŵeŶt eŶ Đouƌs d’Ġtude au 
niveau Européen. 
 
Indépendamment de ces problématiques principales, nous avons tenu à mieux comprendre les 
liŵites assoĐiĠes à Ŷotƌe gƌoupe d’Ġtude paƌtiĐulieƌ, et les ďiais ŵĠthodologiƋues auǆƋuels Ŷous 
pourrions être confrontés. Nous avons donc commencé par mener une réflexion autour de la 
ŵĠthodologie d’ĠĐhaŶtilloŶŶage des ĐolĠoptğƌes sapƌoǆǇliƋues et de l’iŶflueŶĐe de la ƋuaŶtitĠ et 
qualité des données sur la qualité des résultats obtenus (Chapitre II).   
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Liste des travaux produits 
Articles scientifiques 
Chapitre Papier 1er auteur Statut 
Année de 
publication 
Titre Revue Terrain Identification 
Implémentation 
de la base de 
données 
Rédaction Analyses 
II 
1 Parmain publié 2013 
Influence of sampling effort on saproxylic 
beetle diversity assessment: implications for 
insect monitoring studies in European 
temperate forests 
Agricultural 
and Forest 
entomology 
- 5% 20% 80% 90% 
2 Parmain publié 2014 
Can rove beetles (Staphylinidae) be excluded 
in studies focusing on saproxylic beetles in 
central European beech forests? 
Bulletin of 
Entomological 
Research 
0% 0% 800% 80% 90% 
III 
3 Parmain 
en 
préparation 
- 
Extended rotations in French oak forests do 
not enhance saproxylic beetle diversity 
- 95% 95% 100% 60% 100% 
4 Parmain 
en 
préparation 
- 
Are solitary trees keystone structures for 
saproxylic biodiversity conservation? 
- 100% 95% 100% 60% 100% 
5 Bouget publié 2014 
Does a set-aside conservation strategy help 
the restoration of old-growth forest 
attributes and recolonization by saproxylic 
beetles? 
Animal 
Conservation 
- <10% 10% 5% 90% 
6 Bouget publié 2013 
In search of the best local habitat drivers for 
saproxylic beetle diversity in temperate 
deciduous forests 
Biodiversity 
and 
Conservation 
- 5% 10% 5% 0% 
IV 
7 Parmain 
en 
préparation 
- 
Increasing the percentage of forest reserves 
in the landscape amplifies saproxylic beetle 
diversity both within and beyond reserve 
borders 
- - <10% 10% 50% 90% 
8 Parmain en projet - 
Are historical landscape characteristics 
drivers for actual sparoxylic beetle? 
Extinction debt effects at the European scale 
- 20% 20% 80% 60% 
Non 
évalué 
Annexes 9 Rougerie 
under 
review 
2014 
PASSIFOR: A reference library of DNA 
barcodes for French saproxylic beetles 
(Insecta, Coleoptera) 
Biodiversity 
Data Journal 
Sans 
objet 
Sans objet 10% 2% 0% 
Tableau 2 : Liste des publications académiques réalisées (ou en préparation) dans le cadre de la thèse. Le degƌĠ d’iŵpliĐatioŶ daŶs ĐhaĐuŶ des aƌtiĐles est 
estimé en pourcentage pour chaque tâche. La mention « sans objet » fait référence à un protocole particulier pour lequel ma participation a été de mettre à 
disposition le matériel biologique présent dans ma collection de références personnelle. 
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Organisation de la thèse 
 
Cette thèse débute par une présentation des types de forêts étudiées, en particulier la chênaie 
(Chapitre IͿ. La geŶğse de l’haďitat ’foƌġt’ aiŶsi Ƌue les eŶjeuǆ ĠĐoŶoŵiƋues et de ĐoŶseƌvation 
associés y sont abordés. 
UŶe ƌĠfleǆioŶ autouƌ des ŵĠthodologies d’ĠĐhaŶtilloŶŶage des ĐolĠoptğƌes saproxyliques employées 
est menée dans le Chapitre II. Cette partie vise à mieux comprendre les relations entre effort 
d’ĠĐhaŶtilloŶŶage à l’aide de piğges d’interception et quantité de matériel collecté. Nous avons 
également mené une réflexion autour de la qualité des données générées par de tels 
ĠĐhaŶtilloŶŶages, et l’iŵpaĐt Ƌue Đela pouvait avoiƌ suƌ les ĐoŶĐlusioŶs d’uŶe Ġtude. Cette appƌoĐhe 
est pour nous un prérequis à la réalisation des objectifs de cette thèse. Nous avons conduit une 
discussion propre à ce chapitre.  
Publications associées à ce chapitre : Articles 1 et 2 (Tableau 2) 
 
Le Chapitre III aďoƌde l’Ġtude des stƌuĐtuƌes de la TTVB. A tƌaveƌs l’aŶalǇse de diffĠƌeŶts jeuǆ de 
données mutualisées entre différents laboratoires et de deux jeux de données originaux créés aux 
Đouƌs de ŵes tƌavauǆ, Ŷous avoŶs ĠtudiĠ l’effet ĐoŶĐƌet des ilots de vieillisseŵeŶt, des ƌĠseƌves 
forestières et des arbres isolés extra-forestiers sur les assemblages de coléoptères saproxyliques. 
L’iŵpaĐt de ĐhaĐuŶ des ĠlĠŵeŶts a ĠtĠ ĠvaluĠ au Ŷiveau loĐal. Cette ĠvaluatioŶ a ĠtĠ faite eŶ deuǆ 
temps : (i) évaluation des caractéristiques du milieu et (ii) impact du milieu sur les assemblages de 
coléoptères saproxyliques.  
Publications associées à ce chapitre : Articles 3 ; 4 ; 5 et 6 (Tableau 2). 
 
Le Chapitre IV vise à étudier les relations entre éléments de la TTVB et biodiversité des coléoptères 
sapƌoǆǇliƋues à l’ĠĐhelle paǇsagğƌe. Nous avoŶs ĠtudiĠ le Đas paƌtiĐulieƌ des ƌĠseƌves foƌestiğƌes à 
travers la mobilisation de deux importants jeux de données (GNB et RESINE). Un projet de co-analyse 
Franco-Tchèque y est décrit, et des éléments de matériels et méthodes sont proposés.  
Publications associées à ce chapitre : Articles 7 et 8 (Tableau 2). 
 
EnfiŶ, l’eŶseŵďle des ĐoŶĐlusioŶs des Ġtudes Ƌue Ŷous avoŶs ŵeŶĠes ou auǆƋuelles Ŷous avoŶs 
participé sont mises en perspective dans une discussion générale. Des éléments concrets de gestion 
sont proposés. Des pistes de futures recherches complémentaires à nos sont évoquées. 
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Chapitre I : Modèles d’étude 
I) Les forêts tempérées du Nord de la France 
I.1) Dynamique naturelle 
I.ͷ.ͷ) La genèse d’un habitat 
Naturellement, une forêt se développe sur des étendues non boisées. Ce phénomène peut 
s’oďseƌveƌ de Ŷos jouƌs eŶ FƌaŶĐe paƌ la dĠpƌise agƌiĐole. La suƌfaĐe foƌestiğƌe totale augŵeŶte 
(Cinotti, 1996). Des essences héliophiles vont coloniser ces espaces vides de forêts. En Europe, les 
essences pionnières sont principalement le saule, le peuplier, l'aulne et le bouleau (Rameau, 1999). 
Cette phase de colonisation est suivie du développement des essences pionnières, qui vont créer un 
couvert. Les espèces secondaiƌes voŶt aloƌs ĐoŵŵeŶĐeƌ à s’iŶstalleƌ. Ces espğĐes Ŷe tolĠƌaŶt pas les 
conditions de milieux ouverts sont dites sciaphiles. Ces essences ont de natures diverses en fonction 
des auteurs et de contextes considérés, mais sont principalement constituées par l’Ġƌaďle, le frêne, 
l’oƌŵe, le tilleul, le ĐhġŶe, le ŵeƌisieƌ, le soƌďieƌ, le piŶ et le ŵélèze (Rameau, 1999). Une fois ces 
essences en place, le milieu va évoluer de manière cyclique au cours du temps. Cette évolution est 
nommée « cycle sylvigénétique ». Le développement naturel de la forêt est alors appelé sylvigenèse.  
 
I.2) Les différents types de forêts explorées 
I.2.1) Cas particulier de la chênaie 
Le ĐǇĐle sǇlvigĠŶĠtiƋue tel Ƌu’il est aĐtuelleŵeŶt ĐoŶsidĠƌĠ Ŷe peƌŵet pas l’appaƌitioŶ de foƌġts à 
peuplements dominants de chênes. En effet, le chêne ne fait pas parte des essences forestières 
dominantes des peuplements en phase optimale, mais est une essence post-pionnière / nomade 
;‘aŵeau, ϭϵϵϵͿ. Elle peut aiŶsi s’iŶstalleƌ duƌaŶt les phases de ƌĠgĠŶĠƌation et initiales, mais sera 
supplaŶtĠe paƌ d’autƌes espğĐes eŶ phase optiŵale. C’est l’aĐtioŶ de l’Hoŵŵe suƌ la foƌġt Ƌui a 
peƌŵis d’oďteŶiƌ des peupleŵeŶts doŵiŶaŶts de ĐhġŶes, eŶ liŵitaŶt la Đƌoissance des essences telles 
le hêtre, le tremble, ou le saule (Sardin, 2008). Vera (2000) a par ailleurs étudié des forêts de chêne 
et de hêtre réputées pour leur caractère mature et naturel en Europe (Fontainebleau, Bialowietza …Ϳ 
et a ŵoŶtƌĠ Ƌue la ƌĠgĠŶĠƌatioŶ Ŷatuƌelle des peupleŵeŶts de ĐhġŶaie Ŷ’avait pas lieu par opposition 
à celle du Hêtre. Taylor et Lorimer (2003) ont monté à partir de simulations que les forêts actuelles 
de ĐhġŶes d’AŵĠƌiƋue, si laissĠes eŶ liďƌe ĠvolutioŶ, veƌƌaieŶt leuƌs peupleŵeŶts de ĐhġŶe 
doŵiŶaŶts dispaƌaitƌe au pƌofit d’autƌes esseŶĐes. Le ĐhġŶe Ŷ’Ǉ ƌepƌĠseŶteƌait aloƌs plus Ƌue ϭϵ% des 
arbres dominants du peuplement.  
Il eǆiste diffĠƌeŶts tǇpes de ĐhġŶaie eŶ FƌaŶĐe, ĐhaĐuŶe aveĐ Đes spĠĐifiĐitĠs d’espğĐes et de 
traitement sylvicole.  
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I.2.1.1) Contextes bioclimatiques 
La chênaie AtlaŶtiƋue s’ĠteŶd de la ƌĠgioŶ ĐeŶtƌe auǆ Đôtes atlaŶtiƋues et a pouƌ liŵite ďasse le 
dĠpaƌteŵeŶt de l’Allieƌ. La ĐhġŶaie CoŶtiŶeŶtale s’ĠteŶd gloďaleŵeŶt de la BelgiƋue à la ƌĠgioŶ 
Centre (Carte 1). A elles deux, elles occupent grossièrement la moitié nord de la France. Les essences 
de chêne dominantes sont le chêne sessile et le chêne pédonculé. Le traitement principal appliqué à 
ces deux milieux est la futaie (Jaret, 2004 ; Sardin, 2008). La diversité des stations forestières et 
climatiques rencontrées sur ces deux paysages donne lieu à des recommandations de gestion 
adaptées au contexte local (Jaret, 2004 ; SaƌdiŶ, 2ϬϬϴͿ. Les diaŵğtƌes d’eǆploitaďilitĠ des aƌďƌes de 
futaie soŶt foƌteŵeŶt siŵilaiƌes, aiŶsi Ƌue le Ŷoŵďƌe de tiges oďjeĐtifs à l’heĐtaƌe.  
 
 
 
 
 
 
 
 
 
 
Carte 1 : ‘ĠpaƌtitioŶ des ĐhġŶaies atlaŶtiƋues et ĐoŶtiŶeŶtales et liŵites d’appliĐatioŶ des guides 
sǇlviĐultuƌes ƌelatifs ;d’apƌğs SaƌdiŶ, 2ϬϬϴͿ. 
La ĐhġŶaie ŵĠditeƌƌaŶĠeŶŶe Đoŵŵe soŶ Ŷoŵ l’iŶdiƋue, s’ĠteŶd suƌ tout le pourtour méditerranéen. 
Les essences de chêne dominantes sont le chêne vert, le chêne pubescent et le chêne liège, avec un 
traitement majoritairement en taillis (Maupeou, 1996).  
 
I.2.1.2) Un milieu aux enjeux antagonistes 
I.2.1.2.1) Economiques 
La vente de bois est le seĐteuƌ ĠĐoŶoŵiƋue ƌappoƌtaŶt le plus de ƌeĐettes à l’ONF ;2ϵ.ϰ% du total des 
recettes (ONF, 2013)). Le cours du bois fluctuant en fonction des années, il est primordial pour 
assurer la pérennité économique de conserver une production de bois de qualité, dont la valeur 
marchande ne va pas facilement diminuer. C’est le Đas des ĐhġŶes de foƌt diaŵğtƌe à gƌaiŶ fiŶ ;Jaƌet, 
2004). Ces derniers sont particulièrement recherchés par les tonneliers. Ainsi, des chênes issus de 
futaie avec des futs droits de plus de 10m de long, non vrillés peuvent se vendre à des tarifs 
dĠpassaŶt la dizaiŶe de ŵillieƌs d’euƌos ;Jaƌet, 2ϬϬϰͿ.  
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I.2.1.2.2) Eclogiques (biodiversité) 
Le ĐhġŶe est l’esseŶĐe ligŶeuse aďƌitaŶt la plus ƌiĐhe fauŶe sapƌoǆǇliƋue d’Euƌope ;Vodka et al., 
2009). Cette faune est principalement dépendante des arbres de fort diamètre, ou présentant des 
dendromicrohabitats. De plus, une proportion importante de ces espèces est considérée comme 
rares, et sont présentes sur les listes rouges de plusieurs pays (Procter et Harding, 2005 ; Nieto et 
Alexander, 2010). Certaines espèces sont également protégées au niveau Européen (Osmoderma 
eremita et Cerambyx cerdo, deux espèces spécialistes du genre Quercus (Nieto et Alexander, 2010)). 
En outre, les espèces associées aux hauts niveaux trophiques des dendromicrohabitats que peut 
suppoƌteƌ le ĐhġŶe soŶt poŶĐtuelleŵeŶt ƌeĐoŶŶues Đoŵŵe espğĐes paƌapluies. C’est paƌ eǆeŵple le 
cas de Limoniscus violaceus (Gouix, 2011Ϳ. ‘ĠĐeŵŵeŶt, des espğĐes d’iŶseĐtes Ŷouvelles pouƌ la 
science ont été découvertes en explorant les riches assemblages de coléoptères saproxyliques 
associés aux chênes (Buse et al., 2013). Les enjeux de conservation de la diversité des espèces 
saproxyliques sont particulièrement forts pour le cortège associé aux chênes.  
 
I.2.2) Autres contextes forestiers explorés 
Bien que nous nous soyons fortement concentrés sur la chênaie et la biodiversité saproxylique 
assoĐiĠe, Ŷous avoŶs ĠgaleŵeŶt ĠtudiĠ d’autƌes tǇpes foƌestieƌs, Đaƌ ils sont aussi poƌteuƌs d’uŶe 
biodiversité unique. La hêtraie en Europe est un milieu forestier largement étudié, en particulier pour 
sa ƋualitĠ eŶ taŶt Ƌue ŵilieu d’aĐĐueil pouƌ la ďiodiveƌsitĠ ;ChƌisteŶseŶ et al., 2005 ; Vandekerkhove 
et al., 2009 ; Müller et al., 2007, Meyer et Schmitt, 2011 ; Odor et al., 2006). Les propriétés 
intrinsèques au bois de hêtre par rapport au bois de chêne assurent également une rapide mise à 
disposition des différents compartiments « bois morts » et « dendromicrohabitats ». L’avaŶtage Ƌui 
est procuré par cette rapide mise à disposition est contrebalancé par la rapide disparition de ces 
haďitats, faiďleŵeŶt pĠƌeŶŶes. L’iŶtĠƌġt de l’Ġtude de la hġtƌaie à l’Ġgaƌd de la ďiodiveƌsitĠ 
saproxylique vient également de la répartition géographique et altitudinale du Hêtre. Celui-ci peut 
être présent en forêt de plaine comme en forêt de montagne, et est distribué sur une vaste partie du 
territoire Européen. Il est généralement associé au chêne en forêt de plaine, et au sapin en forêt de 
montagne. Les processus régissant la réponse de la biodiversité pourraient ne pas être les mêmes en 
plaine et en montagne. Ceci pourrait être dû aux différences de climat associées à chaque milieu, 
ŵais ĠgaleŵeŶt à la diffĠƌeŶĐe d’iŶteŶsitĠ d’eǆploitation subie par ces milieux. En effet, bien que les 
zones de montagne aient été fortement exploitées, il a subsisté des zones trop pentues ou difficiles 
d’aĐĐğs pouƌ Ƌue l’eǆploitatioŶ soit aussi foƌte Ƌu’eŶ plaiŶe. PaƌtaŶt de Đe ĐoŶstat, Ŷous Ŷous 
sommes également intéressés aux peuplements de montagne, en particulier des peuplements de 
sapin en mélange (ou pas) avec du hêtre. La sapinière est reconnue en France pour héberger des 
espèces à très grande valeur patrimoniale, i.e. à très forts enjeux de conservation (Brustel, 2001).  
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Chapitre II : Développements méthodologiques 
 
Publications associées à ce chapitre : Articles 1 et 2 (cf Tableau 2) 
 
Partie I : Un besoin de maitrise des outils 
I) Méthode d’échantillonnage 
L’Ġtude des ĐoŵŵuŶautĠs d’iŶseĐtes sapƌoǆǇliƋues ƌepƌĠseŶte uŶ vĠƌitable défi pour le scientifique. 
Ces espğĐes soŶt gĠŶĠƌaleŵeŶt de petite taille, et oŶt des ŵœuƌs ĐƌǇptiƋues ;Nageleisen et Bouget, 
2009). Elles sont particulièrement difficiles à contacter en prospection manuelle qui implique dans de 
Ŷoŵďƌeuǆ Đas l’altĠƌation ponctuelle de leur habitat. Pour pallier ces inconvénients, des méthodes de 
piégeage automatiques ont été mises en place. Il en existe un grand nombre, toutes avec leurs 
avaŶtages et iŶĐoŶvĠŶieŶts ;Leatheƌ, 2ϬϬϱͿ. L’effiĐaĐitĠ de plusieuƌs de Đes dispositifs à contacter un 
gƌaŶd Ŷoŵďƌe d’espğĐes de ĐolĠoptğƌes sapƌoǆǇliƋues du ŵilieu a ĠtĠ ĐoŵpaƌĠe ;Bƌustel, 2ϬϬϭ ; 
Nageleisen et Bouget, 2009). Ces méthodes sont complémentaires, elles ne contactent pas les 
mêmes espèces. Il faudrait donc idéalement combiŶeƌ les diffĠƌeŶtes teĐhŶiƋues d’ĠĐhaŶtilloŶŶage 
sur un même site pour que la communauté échantillonnée soit la plus représentative possible de la 
ĐoŵŵuŶautĠ pƌĠseŶte. La ĐoŵpaƌaisoŶ de l’effiĐaĐitĠ et du Đoût des diffĠƌeŶtes ŵĠthodes eŶtƌe 
elles ont été menées par divers auteurs (voir Brustel, 2001 ; Nageleisen et Bouget, 2009 pour des 
sǇŶthğses suƌ le sujetͿ. Le ƌatio eŶtƌe effiĐaĐitĠ, Đoût et faĐilitĠ de ŵise eŶ œuvƌe suƌ le teƌƌaiŶ oŶt 
permis de désigner le piège à interception multidirectionnel comme le meilleur compromis entre les 
diffĠƌeŶtes ŵĠthodes dispoŶiďles pouƌ l’ĠĐhantillonnage des coléoptères saproxyliques (Nagelaisen 
et Bouget, 2009). Ce dispositif est utilisé en France (Bouget et al., 2009) mais également en Europe 
(Müller et al., 2008 ; Stenbacka et al, 2010) et ailleurs dans le monde (Lamarre et al., 2012 ; Grove, 
2002b).  
II) Effort d’échantillonnage 
La capacité du piège à interception à échantillonner les coléoptères saproxyliques a fait ses preuves. 
L’augŵeŶtatioŶ de la ƋuaŶtitĠ d’espğĐes ĐoŶtaĐtĠes ;daŶs le ďut d’iŶveŶtaiƌes ou d’Ġtudes 
comparatives) peut se faire par deux moyens simples : la réplication spatiale des pièges (on 
augmente le nombre de pièges mis en place) ou la réplication temporelle (on augmente le nombre 
d’aŶŶĠes suƌ leƋuel est ĐoŶduit l’eǆpĠƌiŵeŶtatioŶͿ. CoŶtaĐteƌ uŶe ŵajeuƌe paƌtie des espğĐes du 
ŵilieu peƌŵet de gĠŶĠƌaliseƌ les ƌĠsultats à l’eŶseŵďle de la ĐoŵŵuŶautĠ.  
 
III) Qualité des données 
L’effoƌt d’ĠĐhaŶtilloŶŶage pƌoduit est vaƌiaďle et dĠpeŶd des ŵoǇeŶs huŵaiŶs et fiŶaŶĐieƌs 
disponibles. Ainsi, la quantité de données obtenue en fonction des Ġtudes va dĠpeŶdƌe de l’effoƌt 
d’ĠĐhaŶtilloŶŶage pƌoduit. La ƋuaŶtitĠ de doŶŶĠes iŶflueŶĐe la ƋualitĠ des ƌĠsultats oďteŶus. CheŶ et 
al, (2003) ont par exemple montré que des estimateurs de richesse basés sur une quantité de 
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doŶŶĠes tƌop faiďle Ŷ’ĠtaieŶt pas pertinents. Cela amène à la mise en place de mesures de gestion 
peu efficaces voire totalement inappropriées.  
 
III.1) Résolution taxinomique 
Les coléoptères saproxyliques représentent environ 25% des espèces forestières. En terme concrets, 
cela représente environ 2500 espèces en France (Bouget et al., 2008 ; Brustel, 2001). Ce chiffre, bien 
Ƌu’iŵpƌessioŶŶaŶt au ƌegaƌd du Ŷoŵďƌe d’espğĐes d’oiseauǆ eŶ Euƌope et AfƌiƋue du Ŷoƌd ƌĠuŶies 
;͚seuleŵeŶt’ ϵϬϬ espğĐes ;SveŶssoŶ et al., 2014)) ne représente Ƌu’uŶe iŶfiŵe paƌtie des espèces des 
coléoptères français, actuellement estimé à 11600 espèces (ARE, 2014). Les compétences requises 
pouƌ ideŶtifieƌ uŶ tel Ŷoŵďƌe d’espğĐes Ŷe peuveŶt ġtƌe aĐƋuises Ƌu’à tƌaveƌs plusieuƌs peƌsoŶŶes et 
au cours de nombreuses années de pratique (ARE, 2014). Ces espèces sont réparties au sein de 
nombreuses familles, et ne sont pas toutes étudiées avec la même ferveur par les entomologistes. 
Ainsi, certaines familles sont délaissées, et relativement méconnues. Ces familles sont généralement 
exclues des jeux de données, car trop couteuses à identifier en temps et en moyens (Sebek et al., 
2Ϭϭ2Ϳ. Des ŵĠthodes oŶt ĠtĠ pƌoposĠes pouƌ ƌĠduiƌe le teŵps allouĠ à la paƌtie d’ideŶtifiĐatioŶ des 
espèces, en réduisant le niveau de résolutioŶ taǆiŶoŵiƋue ou eŶ Ŷ’ĠtudiaŶt Ƌue des sous 
assemblages particuliers (Sebek et al., 2012). L’iŵpaĐt Ƌue Đela peut avoiƌ suƌ les ƌĠsultats d’Ġtudes 
est inconnu.  
 
IV) Quels développements particuliers ? 
L’oďjeĐtif de Đette paƌtie d’eǆploƌatioŶ ŵĠthodologiƋue est de mieux comprendre les limites 
iŶhĠƌeŶtes à l’utilisatioŶ du piğge à iŶteƌĐeptioŶ ŵultidiƌeĐtioŶŶel pouƌ l’ĠĐhaŶtilloŶŶage des 
ĐolĠoptğƌes sapƌoǆǇliƋues et de l’iŵpaĐt Ƌue ces limites peuvent avoiƌ suƌ les ƌĠsultats d’Ġtudes 
ďasĠs suƌ l’utilisatioŶ d’uŶ tel dispositif.  
- Quel est l’effet de la rĠpliĐatioŶ spatiale et/ou teŵporelle du dispositif d’ĠĐhaŶtilloŶŶage 
sur la ƋuaŶtitĠ d’espğĐes ĐoŶtaĐtĠes, et l’iŵpaĐt sur les ĐoŶĐlusioŶs d’Ġtudes ? 
Nous ĐheƌĐhoŶs iĐi à avoiƌ des ĠlĠŵeŶts ĐoŶĐƌets peƌŵettaŶt d’estiŵeƌ les stƌatĠgies les plus 
effiĐaĐes pouƌ l’augŵeŶtatioŶ de la ƋuaŶtitĠ de doŶŶĠes ƌĠĐoltĠes, aveĐ uŶ ŵiŶiŵuŵ de Đoûts. 
L’iŵpaĐt de la faiďle ƋuaŶtitĠ de doŶŶĠes suƌ les ĐoŶĐlusioŶs d’uŶe Ġtude est également étudié.  
- Quel est l’iŵpaĐt de l’eǆĐlusioŶ ou de l’iŶĐlusioŶ d’uŶe faŵille doŵiŶaŶte parŵi les 
ĐolĠoptğres saproǆǇliƋues sur les ĐoŶĐlusioŶs d’Ġtudes ? 
L’eǆĐlusioŶ des faŵilles peu ĐoŶŶues au seiŶ des jeuǆ de doŶŶĠs de ĐolĠoptğƌes sapƌoǆǇliques est un 
pƌoĐessus peƌŵettaŶt d’ĠĐoŶoŵiseƌ du teŵps et des ŵoǇeŶs. Nous ĐheƌĐhoŶs iĐi à savoiƌ Ƌuel est 
l’iŵpaĐt d’uŶe telle ŵesuƌe à tƌaveƌs l’utilisatioŶ d’uŶ eǆeŵple ĐoŶĐƌet.  
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Abstract  
1 Saproxylic beetle diversity monitoring provides a tool for estimating the efficiency of forest 
conservation measures. Flight interception traps are commonly employed to monitor beetle 
assemblages, although little explicit knowledge of the efficiency of this trapping method is available. 
2 The present study investigated how slight changes in sampling effort can influence species richness 
and species composition of assemblages in data sets from standard window-flight traps. 3 At both 
trap and plot levels, an additional year or an additional trap provided a 50% increase in the number 
of species detected (a 75% increase for rare species) and resulted in a different estimated 
composition of the assemblages. Adding 2 or 3 years of sampling gave twice as many species and 
resulted in assemblages that were 50% dissimilar. Increases in the detection of species and the 
dissimilarity of assemblages were similarly affected along a gradient of forest conditions, suggesting 
that changes in sampling effort were not affected by forest condition. 4 At the forest level, year or 
trap replication provided smaller increases in species richness (31% and 25%, respectively). Within 
sites, distance measures in species composition between traps did not differ significantly when based 
on 1 or 2 years of data. Using two traps per plot compared with one trap influenced comparisons 
between stand types, based on species richness, in 25% of the cases. 5 Species detection was 
similarly increased by either year replication or trap replication. The results of the present study 
highlight the significant role played by fine scale patterns of habitat structure and inter-annual 
variation with respect to determining catch size and assemblages of saproxylic species.  
Keywords Biodiversity, dissimilarity, flight-interception trap, replication, species richness. 
 
Introduction 
Saproxylic organisms, comprising a functional group that depends on dead or dying wood 
(Alexander, 2008), have been used in Europe (as indicators of forest biodiversity (Nieto & Alexander, 
2010) ever since the preservation of forest biodiversity associated with dead wood was 
recommended by the European Council in 1988 (Comite des Ministres,´ 1988a, b). They are also used 
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as a tool for estimating the efficiency of forest conservation measures in several countries around 
the world (Grove, 2002b; Hammond et al., 2004; Lachat et al., 2006; Ohsawa, 2007). Approximately 
30% of European species that depend on forest habitats need dead wood to some extent (Stokland 
et al., 2004). Globally, the saproxylic biota is species rich (Grove, 2002a), although many species are 
threatened by loss and fragmentation of habitats with sufficient dead wood and veteran trees. 
Beetles account for a large proportion of saproxylic biodiversity [e.g. approximately 25% of the 
saproxylic species in Scandinavia (Stokland et al., 2004), second to fungi]. Foresters and 
conservationists are paying more attention to them than to saproxylic fungi or Diptera for both 
practical and ecological reasons. Many beetle species have high conservation value; 11% of species 
are considered as threatened at the European level (Nieto & Alexander, 2010) and they are assumed 
to provide valuable information on the quality and continuity of woodland habitats (Grove, 2002b). If 
saproxylic beetle diversity is to be used effectively as a management tool in forestry, more explicit 
knowledge about the efficiency of trapping strategies is needed. A sound beetle sampling strategy 
should focus on: (i) the choice of an efficient and standardized method, (ii) the timing of samples; 
and (iii) the spatial framework. Regarding the first point, window (flight interception) traps are widely 
employed for catching active flying saproxylic beetles (Økland, 1996; Wikars et al., 2005; Alinvi et al., 
2006) because they are easy to replicate and standardize, and are assumed to represent local 
saproxylic beetle communities that could only be obtained with much more effort using active or 
extraction methods such as bark peeling, dead wood beating and emergence trapping (Siitonen, 
1994; Økland, 1996; McIntosh et al., 2001; Alinvi et al., 2006; Hyvarinen et al., 2006). In most studies 
of saproxylic beetles, species richness (SR) estimates are commonly compared based on data from 
only on a single trapping year, although little is known about the errors involved. Martikainen and 
Kouki (2003) emphasized the importance of having large sample sizes (more than 200 species) when 
studying threatened species. Larger samples can be obtained by increasing the number of traps, by 
sampling for several years or by combining these two approaches. Using a variety of existing data 
from entomological surveys based on multiple-trap plots in France and Belgium, we assessed the 
variation in species richness and species composition (evaluated in terms of Sorensen dissimilarity) of 
the saproxylic beetle assemblages caught with standard window traps (Brustel, 2004) when traps or 
years of sampling were added. The available data were limited in range (3 years, two traps per plot at 
most), although they covered a wide range of forest conditions. The present study aimed to 
determine:  
• Hoǁ does aŶ iŶĐƌease iŶ loĐal saŵpliŶg effoƌt ;iŶĐƌeasiŶg the Ŷuŵďeƌ of tƌaps oƌ ǇeaƌlǇ ƌepliĐatioŶ 
per plot) affect the assessment of species richness and assemblage composition at the trap, plot and 
forest level? 
 • Does the iŶflueŶĐe of saŵpliŶg effoƌt oŶ the ƋualitǇ of ďiodiveƌsitǇ data vaƌǇ ǁith foƌest 
conditions?  
• What aƌe the ĐoŶtƌiďutioŶs of tƌap ƌepliĐatioŶ eǆĐlusivelǇ, Ǉeaƌ ƌepliĐation exclusively and the 
combination of trap and year replication to variation in estimates of specie richness?  
• Does aŶ iŶĐƌeased loĐal saŵpliŶg effoƌt affeĐt the ƌesults of eĐologiĐal ĐoŵpaƌisoŶs ďetǁeeŶ staŶd 
types at the forest level? 
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Materials and methods 
The window trap dataset 
In the present study, we used datasets compiled using saproxylic beetles obtained from 
several biodiversity surveys and ecological studies carried out from 1999 to 2010 by different French 
organizations National Research Institute of Science and Technology for Environment and Agriculture 
(IRSTEA), National Forest Office (ONF), University of Toulouse-Purpan Engineering School (EIP), Office 
for Insects and their Environment (OPIE)] and DEMNA (Departement of Natural and Rural 
Environnement Monitoring) in Belgium. We only compiled data originating from unbaited or ethanol 
baited (methylated spirit, 20%) window traps, suspended approximately 1.5 m above the ground. 
The trap was the basic sampling unit; at most, two traps, located approximately 20–60 m apart, were 
grouped to represent captures from the same plot (i.e. the same forest stand). Plots were grouped in 
sites, which were forests or a cluster of close forests dedicated to the same research project. When 
several trapping years were available for a given plot, we included only data from consecutive years. 
We divided the overall dataset into three subsets to analyze the effects of replication on saproxylic 
beetle diversity assessments (species richness and assemblage composition) after aggregating the 
data at three spatial scales (trap, plot and forest): (i) the Multi-Year-Trap set (MYT) at the trap level, 
to study the effects of year replication (one trap sampled over several years), (ii) the Multi-Trap-Plot 
set (MTP) at the plot level, to study the effects of trap replication (two traps; i.e. one additional trap 
located near the first, and sampled one single year) and (iii) the Multi-Trap-Multi-Year-Plot set 
(MTMYP), at the trap and plot levels, to compare the relative effects of trap and year replications. 
We also analyzed the consistency of the effects of trap or year replication over spatial scales, by 
upscaling from the trap/plot to the forest level on selected well-replicated sites. In the MYT subset, 
we selected sites in which plots had been sampled at the same place for two or three consecutive 
years. The MYT dataset contained 72 plots, for a total of 299 traps in 19 sites (Table 1). Six sites (n 
tƌaps ш ϭϬͿ, ǁith 2ϯϵ tƌaps iŶ ϱϬ plots ǁeƌe seleĐted foƌ aŶalǇses at the foƌest level (at least 10 traps 
cumulated over the same forest; Table 2). In the second data subset (MTP), a basic plot consisted of 
two replicate traps, separated by about 20 m (Bouget & Brustel, 2009) or 60 m (in the ORLEANS and 
BELGWAL datasets). The MTP dataset included 14 sites for 294 plots and 588 traps (Table 1). Eight 
sites (n tƌaps ш ϭϬͿ, ǁith 2ϱϳ plots aŶd ϱϭϰ tƌaps, ǁeƌe seleĐted foƌ aŶalǇses at the foƌest level ;Taďle 
3). In the BELGWAL set, we considered only the first two traps in each plot, although the data 
provided by one of them during the second sampling year were analyzed as a new replicate. An 
independent analysis of trap replication from one to eight traps using the Belgian set only would be 
too idiosyncratic, and weakened by the small sample size (22 plots only). At the multiple-plot forest 
level, we also studied whether trap replication influenced the significance, magnitude and direction 
of the faunistic differences between stand types. Environmental variables describing the stand type 
and required to answer a transversal ecological question (e.g. dead wood poor versus dead wood 
rich) were available on eight sites only in the MTP set. We used these eight sites to compare 
managed versus unmanaged stands (Auberive, Fontainebleau), dead wood-poor versus dead wood-
rich stands (Rambouillet, BelgWal Year1, BelgWal Year2, Landes) and overmature versus mature 
stands (Tronc¸ais-CEM, Coppices). In the third data subset (MTMYP), we selected two-trap 2- year 
plots from the MYT dataset. We excluded the third year for some sites because a third trap per plot 
was not available (exept for BELGWAL). This set (i.e. MTMYP) included 16 sites, 36 plots and 72 traps 
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(Table 1). Samples available for this analysis were well distributed over the ecological forest 
gradients.  
Environmental data 
Three environmental factors and one methodological factor were used to describe trap 
features. The environmental variables qualifying trap location were: forest type (three levels: 
͚ĐoŶifeƌ’, ͚deĐiduous’ aŶd ͚ŵiǆed’Ϳ, altitudiŶal gƌoup ;tǁo levels: ͚highlaŶd’ aŶd ͚loǁlaŶd’, ǁith the 
reference altitude distinguishing the levels being 1000 m above the sea level) and climatic (or 
biogeographical) domain [four levels according to the ETCB (European Topic Centre on Biological 
DiveƌsitǇͿ ;2ϬϬϲͿ: ͚alpiŶe’, ͚atlaŶtiĐ’, ͚ĐoŶtiŶeŶtal’, ͚ĐoŶtiŶeŶtalMediteƌƌaŶeaŶ’]. Data from alpine or 
Mediterranean regions were insufficient to provide rigorous tests. The use of bait in the trap 
;ŵethǇlated spiƌit, 2Ϭ%Ϳ ǁas the oŶlǇ ŵethodologiĐal faĐtoƌ ĐoŶsideƌed ;tǁo levels: ͚ethaŶol-ďaited’ 
aŶd ͚uŶďaited’; Taďle ϯͿ.  
Beetle data 
The beetle records from different sets first had to be harmonized, both with respect to 
nomenclature and saproxylic status. We choosed to follow the French database FRISBEE developed 
by Bouget et al. (2008). Only those records from families for which beetles were identified to the 
species level were used for the present analysis. These included Alleculidae; Anobiidae; Anthribidae; 
Biphyllidae; Bostrichidae; Bothrideridae; Buprestidae; Cerambycidae; Cerophytidae; Cerylonidae; 
Ciidae; Cleridae; Cucujidae; Curculionidae (Scolytinae only); Elateridae; Endomychidae; Erotylidae; 
Eucnemidae; Histeridae; Laemophloeidae; Leiodidae; Lucanidae; Lycidae; Lymexylidae; 
Melandryidae; Monotomidae; Mycetophagidae; Nitidulidae; Nosodendridae; Oedemeridae; 
Phloeostichidae; Prostomidae; Pyrochroidae; Salpingidae; Scarabaeidae; Silvanidae; Sphindidae; 
Tenebrionidae; Tetratomidae; Trogidae; Trogossitidae; Zopheridae. Several beetle families not 
studied in a majority of the sets were excluded from our analyses: Aderidae, Alexiidae, Cantharidae, 
Clambidae, Corylophidae, Cryptophagidae, Dasytidae, Dermestidae, Eucinetidae, Latridiidae, 
Mordellidae, Ptiliidae, Scirtidae, Scraptiidae, Scydmaenidae, Sphaeritidae, Staphylinidae and 
Throscidae. A total of 643 saproxylic beetle species [507 common species (79%) and 136 rare species 
(21%)] were present in the studied datas. They belonged to 42 families (or sub-families). We 
ĐhaƌaĐteƌized eaĐh speĐies ǁith ĐoŶseƌvatioŶ value ;at the ĐouŶtƌǇ levelͿ eitheƌ as ͚ĐoŵŵoŶ’ ;IP = ϭ 
oƌ 2Ϳ oƌ ͚ƌaƌe’ species (IP = 3 or 4), in accordance with principles discussed by Brustel (2001) and the 
database FRISBEE (Bouget et al., 2008). In this database, each species has a patrimoniality index (i.e. 
conservation value; IP), in other words its degree of geographical rarity in France, with four levels: (i) 
common and widely distributed species; (ii) not abundant but widely distributed species, or only 
locally abundant species; (iii) not abundant and only locally distributed species; and (iv) very rare 
species (known iŶ less thaŶ five loĐalities oƌ iŶ a siŶgle ͚ĐouŶtǇ’ iŶ FƌaŶĐeͿ. The ͚all speĐies’ gƌoup 
ĐoŶtaiŶs ďoth the ͚ĐoŵŵoŶ’ aŶd the ͚ƌaƌe’ speĐies.  
Statistical analysis 
Because the abundance of beetles was not always available, we only considered beetle 
occurrence for our analyses.We calculated two major indices based strictly on presence-absence 
data: (i) the mean benefit of SR (SR-Benefit) and (ii) the mean assemblage dissimilarity between traps 
or years. We defined the SR-Benefit as the percentage increase in species added by a second trap or 
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year, as follows: General formula: SR-Benefit = (SR(1+2)-SRi) Sri × 100 (1) with i = year 1 or 2 (MYT 
subset), or trap 1 or 2 (MTP subset). Mean percentages were calculated over plots, forests or years, 
depending on the comparison. Mean assemblage dissimilarity was used to interpret thesignificance 
of the additional captures for understanding the assemblages.The assemblage dissimilarity between 
plots or years was calculated as the Jaccard–Dice–Sorensen index (Oksanen et al., 2011). To test the 
influence of environmental characteristics and the use of bait in the traps on the species richness 
benefit, we fit generalized linear mixed models (GLMER) (Bolker et al., 2009), assuming a binomial 
distribution, with site and plot as random factors and including an observation-specific random 
intercept to account for possible overdispersion (Elston et al., 2001).We tested the significance of 
effects by comparing factorial models and a null model with a likelihood ratio test (LRT). A TukeǇ’s 
multiple-comparison test was performed to identify where the differences occurred. We set the 
significant value of the LRT at 0.01% to limit type II errors. In the MYT within-site between-trap level 
analyses, we tested the effects of different combinations of 1, 2 and 3-year sampling designs on SR-
Benefit and dissimilarity: a second sampling year after the first one (SR-Benefit A), a third sampling 
year after two first consecutive sampling years (SRBenefit B) and two additional sampling years after 
a single first one (SR-Benefit C). In the same way, the dissimilarity value was calculated among first-
year and second-year or third-year samples. Dissimilarity analyses were always conducted with 
assemblages composed of all species; a potential more restricted analysis of rare species 
assemblages was not useful as a result of the small proportion of rare species in our data. The same 
testing strategy as that used for SR-Benefit was applied for dissimilarity. At the forest level, we only 
considered the first 2 years of sampling to calculate the difference in species richness between one 
and two sampling years (see general formula): with SR = Specific Richness and y(i) = year of sampling 
1 or 2. We used Mantel tests (method = Spearman, 999 permutations) to test whether within-site 
between-trap distance matrices based, respectively, on 1- or 2-year data were correlated. We 
compared the effect of additional traps within sites in terms of SR-Benefit and dissimilarity values 
during single years between one- and two-trap plots [SR = Specific Richness; t(n) = trap number] 
[possible combinations for each plot: SRt1 ∼ SRt(1 + 2); SRt2 ∼ SRt(1 + 2)]. The effects of 
methodological and environmental factors were tested with a GLMER, assuming a Gaussian 
distribution with a log + 1 transformation of the raw data. The model was fit with site as a random 
factor. The dissimilarity value was computed between one-trap and two-trap plots. The same testing 
strategy as that used for SR-Benefit was applied for dissimilarity [see the general formula above, with 
SR = Specific Richness and t(i) = trap number 1 or 2]. We used Mantel statistics on one-trap or two-
trap data to test whether the distance measures in species composition between traps (i.e. 
assemblage dissimilarity) was influenced by the number of traps per plot. To evaluate the 
contribution of each replication mode (trap or year) to total species richness, we partitioned the 
iŶĐƌease iŶ ƌiĐhŶess oďseƌved iŶ the MTMYP dataset iŶto ͚eǆĐlusive’ ;speĐies ĐoŶtaĐted ďǇ oŶe ŵode 
of replicatioŶ oŶlǇͿ aŶd ͚iŶteƌaĐtive’ ;speĐies ĐoŶtaĐted ďǇ ďoth ŵodes of ƌepliĐatioŶͿ effeĐts of tƌap 
or year replication by a method adapted from Alatalo and Alatalo (1977). We used relativized 
calculations (i.e. the relative number of additional species compared with data from single traps and 
ǇeaƌsͿ. At the foƌest level, ǁe Đoŵpaƌed speĐies ƌiĐhŶess ;oŶlǇ the ͚all speĐies’ gƌoupͿ ďetǁeeŶ tǁo 
stand types A and B, estimated with one or two traps per plot. Species richness was assessed using 
the order-1 Chao richness estimator corrected for bias (Colwell, 1997) with 100 sample 
randomizations to calculate SD. The species richness difference was: Species richness difference = 
(RSB-RSA) RSA × 100 (2) with RSA and RSB being order-1 Chao estimators of the species richness in 
the A and B stand types, respectively. We observed whether the A-B dissimilarity values (± SD) 
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computed for onetrap or two-trap plots overlapped. All statistical analyses were conducted using 
estimateS (Colwell, 1997) and r (R Development Core Team, 2010) with the lme4 (Bates et al., 2011), 
mgcv (Wood, 2008), mvtnorm (Genz et al., 2011), multcomp (Hothorn et al., 2008) and vegan 
(Oksanen et al., 2011) packages. 
 
Results 
Effects o f year replication o n b eetle diversity assessmentsat trap and f orest levels 
The MYT trap level dataset included 517 species [417 common species (81%) and 100 rare 
species (19%)]. At the trap level, adding a second year of sampling gave a mean SR-Benefit value of 
+53% (Fig. 1) and the mean dissimilarity of assemblages between paired 1-year and 2-year designs 
was 36% (Fig. 2). At the forest level, using a second year of sampling increased species richness by 
+31%. The mean Mantel correlation between the within-site distance matrices of 1- and 2-year data 
was nonetheless 65%, and significant in all cases studied. Within-site between-trap distance matrices 
based, respectively, on 1-year or 2-year data did not differ (Table 2). Including year-to-year variation 
led to notable increases in understanding of biodiversity. Overall, the number of species detected 
after 3 years of sampling was almost twice as large as the number of species after trapping only for 1 
year (+88%) (Fig. 1). The 3-year assemblages were almost half as dissimilar as the 1-year assemblages 
(D = 47%; Fig. 2). At the trap level, adding a third year after 2 years of sampling provided only a mean 
SR-Benefit value of +27% (Fig. 1). Assemblages based on 3 years of data were only 20% dissimilar to 
those from 2 years of collecting. The SR-Benefit values for common species were similar to those 
calculated for the whole assemblage. However, these were much higher for the group of rare species 
only: +63% from a 1-year design to a 2-year design and even +112% from a 1-year design to a 3-year 
design (Fig. 1). Benefit values were much more variable for rare species only (the confidence interval 
was wider; Fig. 1). At the trap level, we did not observe any effect of forest type, climatic domain, 
altitudinal group or baiting status on of SR-Benefit or assemblage dissimilarity in any analysis.  
Effects of trap replication on beetle diversity assessments at trap and forest levels  
The MTP plot level dataset included 511 species [417 common species (82%) and 94 rare 
species (18%)]. Using two traps/plot provided a mean SR-Benefit value of +48% compared with using 
one trap/plot (Fig. 1). This value was similar for analysis of common species only (+46%) but was 
much higher for data about rare species (+78%). Mean assemblage dissimilarity between designs 
with paired one-trap and two-trap plots was 33% (Fig. 2). At the forest level, two-trap plots provided 
25% more species, on average, than one-trap plots. Nonetheless, the mean Mantel correlation value 
between the within-site distance matrices of one- and two-trap plots was 66% and was consistently 
significant (Table 2). Similar to the analysis of MYTs, we did not find any relationship between SR-
Benefit or assemblage dissimilarity that could be related to forest type, climatic domain or altitudinal 
group, or related to trap bait.  
Comparative effects of trap and year replication on beetle diversity assessments at trap and forest 
levels  
On average, sampling designs with two traps per plot or two sampling years returned more 
species and the effects of an additional trap or an additional year were similar (Fig. 3). The relative 
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increase in richness as a result of trap replication exclusively was approximately 48%, whereas the 
increase as a result of year replication exclusively was 53%. However, the increase reflected in both 
approaches to replication was much lower for common species (mean of 17%). These effects were 
caused mostly by additions of rare species in the catches (Fig. 3); the increase as a result of the 
addition of a single trap was 43.8% and the increase as a result of a second year of data was similar at 
approximately 44.7%. By contrast to the results reported above for common species, increases in 
rare species were more commonly seen in both kinds of replication (40.8%) (Fig. 3). The increase was 
explainable by trap replication exclusively, by year replication exclusively and by both replication 
modes redundantly. However, the relative increase in the number of rare species was highly variable.  
Effect of trap replication on ecological comparisons of stand types  
In all datasets, assemblages from the stand types compared (i.e. managed/unmanaged, dead 
wood poor/rich, mature/overmature) were less dissimilar with two traps (mean of 68%) compared 
with one trap per plot (73%); however, these dissimilarity values (± SD) always overlapped. On 
average, over the eight cases studied, the difference in species richness between the two stand types 
was similar using onetrap or two-trap plots (approximately 20% as absolute values in both cases). 
The magnitude of this difference between two- and one-trap plots depended on the case. No 
significant changes in the direction (A > B or B > A) of the difference between stand types was 
observed using one-trap or two-trap plots. However, in terms of estimated species richness, two 
comparisons gave significant A–B differences with two-trapplots only (Table 4). The only significant 
A–B difference found with one-trap plots remained significant using data from two-trap plots. 
 
Discussion  
Replication and species richness estimates  
Adding both traps and years to studies of saproxylic beetle assemblages dramatically 
increased the number of beetle species collected at either the plot or forest level. On average, at the 
plot level, adding both an additional year and an additional trap provided a 50% increase in the 
number of detected species. The impact was more striking for rare species with a 75% increase in the 
number of species. On average, assemblages based on fewer traps and years were 35% dissimilar to 
those with more extensive samples. At the forest level, either year or trap replication provided a 
lesser increase in species richness (31% and 25%, respectively). Species detection was similarly 
increased by either year replication or trap replication (one to two traps). Despite large differences in 
species detection, ecological studies that ask functional questions about the general effects of 
various treatments or management strategies may not be deeply affected, although the magnitude 
of differences may be considerably underestimated. However, the problem remains for those who 
aim to monitor biodiversity as a conservation measure. They are limited by the efficiency of sampling 
schemes and the extent to which possible approaches provide sufficient data (especially on rare 
species).  
Temporal consistency and yearly variations  
Our results support the findings of White et al. (2006) concerning the importance of 
considering the yearly variation in species assemblages when estimating species richness and 
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assemblage characteristics. Increases in species number or contrasts in assemblage composition 
were driven more by rare than by common species. Similarly, Martikainen and Kaila (2004) showed 
that rare species richness varies greatly between years and does not vary synchronously among 
forests. During a 10-year study, they observed a low between-year dissimilarity for common species 
(approximately 20–30%) but a higher between-year dissimilarity for rare species. They showed that 
most of the common species observed over a 10-year sampling period had already been sampled in 
the first 3 years. In the present study, successively adding a second or a third sampling year 
(compared with 1 year only) gave 50% dissimilar assemblages, twice the number of species and 112% 
more rare species at the  trap level. Even at the forest level, a 1-year replication provided a 31% 
increase in species richness. Inter-annual variation of saproxylic beetle assemblages is driven by 
several processes: beetle density and flight activity (Nageleisen & Bouget, 2009), meteorological 
variations (Williams, 1940; Rink & Sinsch, 2007), multi-year developmental cycles, variation in mean 
reproductive activity and the proportion of reproducing individuals driven by food availability and/or 
weather factors, and, finally, yearly variations in predator effects on prey populations (Turchin et al., 
1999). These sources of variation are well appreciated for ground beetles (Klenner, 1989; Niemela et 
al., 1992; Heyborne et al., 2003; Irmler, 2003; Scott & Anderson, 2003) and also for saproxylic beetles 
;‘aŶius, 2ϬϬϭ; MaƌtikaiŶeŶ & Kouki, 2ϬϬϯͿ. These vaƌiatioŶs lead to a ͚tiŵe-dependent species 
aĐĐuŵulatioŶ’. A ŵultiple-year sampling strategy reduces the influence of between-year variations 
on data quality (Martikainen & Kaila, 2004). 
Between-trap within-plot variations  
Small-scale variation in microclimatic conditions, habitat and microhabitat distribution 
patterns among plots may lead to between-trap variation in beetle catches. The influence of small-
scale heterogeneity in beetle habitats on trap catches has already been shown in pitfall trap data for 
carabid beetles (Niemela et al., 1986; Desender & Pollet, 1988; Niemela & Spence, 1994; Brose, 
2002). The importance of the immediate surroundings on catches of freely hanging flight intercept 
traps has also been demonstrated (Sverdrup-Thygeson & Birkemoe, 2008). Our data showed 
significant assemblage dissimilarity between catches of two traps located only approximately 20 m 
apart in the same stand. The results obtained in the present study therefore strengthen the 
hypothesis that finescale patterns of habitat structure could play an important role in trap catches. 
Although traps may be located close together, data will differ depending on whether or not they are 
in flight corridors, near rich microhabitats, or in open or closed spots. At a larger spatial scale (i.e. a 
forest), the SR-Benefit associated with trap replication appears to decrease; its value at the forest 
level is halved compared with the value at the local plot level (site = 25%; plot= 50%). Nonetheless, 
the results of research projects at the forest level may be affected to some extent by trap replication. 
For example, trap replication strengthened some previously insignificant trends in the present study. 
Simply doubling the number traps per plot changed the results for ecological comparisons of species 
richness in 25% of the cases studied. However, the comparison of assemblages in the selected stand 
types did not differ significantly among one-trap or two-trap plots.  
Sampling rare species  
Sampling rare species is especially challenging because they represent only a small part of 
the total number of species caught (McArdle, 1990), approximately 20% in our data. Unlike some 
studies (Niemela et al., 1990; Novotny & Basset, 2000; Grove, 2002b) that define rare species as 
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those poorly represented in their samples, we followed Martikainen and Kaila (2004) and a priori 
defined as rare those species listed as such in reliable databases (i.e. the French FRISBEE database in 
our case; Bouget et al., 2008). For the results obtained in the present study, at the plot level, all SR-
Benefits associated with year replication were significantly higher for rare than for common species. 
Moreover, the annual SR-Benefit remained high (+73% of rare species from 1- to 2-year replicates, 
+38% of rare species from 2- to 3-year replicates) throughout a 3-year sampling period. Furthermore, 
Martikainen and Kaila (2004) demonstrated that the annual number of detected rare species is 
constant throughout a 10-year sampling period. A multi-year study would therefore be particularly 
valuable to detect a large amount of rare species. Martikainen and Kouki (2003) and Martikainen and 
Kaila (2004) observed that catches of rare species in small samples are random and that between-site 
comparisons based on such limited data do not provide very useful results. In the present study, year 
or trap replication provided an equivalent +75% increase in the number of detected rare species at 
the plot level. Hedgren and Weslien (2008) showed that selective trap placement (near well-known 
rich microhabitats) was a more efficient way of catching rare species than random trap placement. In 
the data obtained in the present study, even if adding a second trap per plot is assumed to sample a 
wider range of microhabitats at the plot scale, the relative and net increase in rare species detection 
with an additional trap was not higher than that with an additional sampling year. Data from a 
second sampling year accounts for between-year variation in rare beetle species density and activity.  
Practical recommendations for saproxylic beetle diversity surveys  
Given the high between-trap variation in species number and composition within plots, we 
recommend that ecological comparisons in species richness should be made at the plot level and not 
at the trap level. Our efforts to partition the effects on increase in species richness suggest that an 
extra trap had a similar effect to an extra year. However, yearly replication will accommodate mainly 
inter-annual variation in species occurrences, and trap replication will probably accommodate 
microhabitat variation (Hedgren & Weslien, 2008). In our analysis, the additional species differed 
between spatial and temporal replication modes. For common species, the gross effect of sampling 
replication (both trap and year) was significantly lower than the trap or the year replication effect. In 
other words, the specific effect on catches of either yearly variation or smallscale habitat 
heterogeneity was stronger than a raw replication effect (whatever the mode). For rare species, 
however, the interactive effect of trap and year replication on the increase in species richness was as 
important as the exclusive effects of trap or year replication. As previously suggested by Martikainen 
and Kaila (2004), the raw effect of replication therefore appears to be more important for rare 
species. A complete comparison of relative benefits of these two replication approaches should take 
costs into account. On average, field work accounts for only 20% of the working time for data 
collection in a monitoring or research programme, whereas the remaining 80% is sorting and 
identification work in the laboratory (Bouget, 2009). However, this feature depends strongly on the 
spatial extent of the programme because field costs indeed grow higher as the spatial scale of 
programmes increases. Thus, trap replication is recommended in largescale programmes, mainly for 
economic reasons. The required sampling strategy should obviously take into account space and time 
constraints dependent on the objectives of the sampling programme (analysis of environment–
biodiversity relationships, long-term monitoring, intensive inventory, etc.). Power analyses are 
needed to better define the minimum number of traps per plot required to be able to detect at least 
5% differences between two groups of plots. Similarly, at the forest level, it would be useful to better 
understand the minimum number of plots required to compare two groups of sites. To detect most 
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common species in a site, Martikainen and Kaila (2004) suggested using at least 20 traps during one 
single year. Plots containing a larger number of traps are required to properly study the sample-
dependent species accumulation rate.  
 
Conclusions and perspectives 
Our analyses were based on existing data obtained from France and Belgium after compiling 
them in a way that permitted comparison. Significant benefits of replication were demonstrated 
despite a narrow range of year or trap replication. Slight variation in sampling effort (adding trap or 
year) deeply affected the quality of data. Further studies about the relationships between 
samplingeffort and catch characteristics based on a broader range of raw data (longer time series, 
denser sampling plots) will be useful for suggesting practical guidelines with respect to the sampling 
strategies used in monitoring schemes. A longer time frame for studies explicitly designed to support 
this type of analysis would facilitate the better analysis of time-dependent species accumulation 
rates. In addition, long-term studies would allow us to better understand inter-annual fluctuations in 
assemblage composition (Kozlov et al., 2010) and the impacts of global patterns of increasing or 
decreasing populations (Conrad et al., 2004; Salama et al., 2007), especially under the influence of 
climate change. Unfortunately, long-term, large-scale intensive insect sampling designs are scarce 
despite their obvious relevance to effective biological conservation and efficient biodiversity 
monitoring. The collection of such data is currently limited by financial constraints, a lack of qualified 
personnel or by institutional changes in research orientations (Jackson & Fureder, 2006). We hope 
that the findings of the present study, aiming to better understand the sampling methods for 
saproxylic beetles, provide or improve existing tools and aid in the design of cost-effective 
biodiversity monitoring schemes.  
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Table 1 Summary of the dataset used for analyses 
Dataset Site 
Number 
of 
sampling 
years 
Number 
of 
species 
Number 
of traps 
Number 
of plots 
MYT 
BALLONS-
COMTOIS* 
3 135 12 6(6) 
MYT BANNES* 2 101 4 2(2) 
MYT BELG-WAL 2 116 176 22 
MYT CHALMESSIN* 3 106 4 2(2) 
MYT CHAUMES* 2 47 4 2(2) 
MYT COURNEUVE 2 85 10 2 
MYT 
FONTBLEAU-
OPIE* 
2 77 2 1(1) 
MYT 
HAUTE-
MEURTHE* 
3 134 4 2(2) 
MYT 
HAUTS-DE-
SEINE* 
2 148 16 5(2) 
MYT JUJOLS* 2 78 2 1(1) 
MYT KERTOFF* 3 82 2 1(1) 
MYT 
LARCHANT-
MARAIS* 
2 102 4 2(2) 
MYT LOZERE* 2 201 16 10(6) 
MYT MANTET* 2 38 4 2(2) 
MYT RNVA* 3 85 2 1(1) 
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MYT SAUSSET 2 105 25 5 
MYT 
TOURBIERE-
CHARMES* 
2 62 4 2(2) 
MYT TRONCAIS-ONF* 3 162 6 3(3) 
MYT VAUHALAISE* 2 47 2 1(1) 
MTP AUBERIVE 1 146 48 24 
MTP BELG-WAL 2 81 44 22 
MTP BRIE 1 112 28 14 
MTP CAYLUS 1 93 4 2 
MTP CHAUX-REGIX 1 57 6 3 
MTP EAST-FRANCE 1 210 58 29 
MTP FONTAINEBLEAU 1 188 50 25 
MTP LANDES 1 210 104 52 
MTP ORLEANS 1 125 42 21 
MTP ORLEANS-REGIX 1 95 6 3 
MTP RAMBOUILLET 1 265 120 60 
MTP TRONCAIS-CEM 1 190 62 31 
MTP VENTRON 1 52 16 8 ∗Denotes the sites used to compare the number of additional species collected by a second trap in 1-
year plots or by a second year of running one trap in 2-year plots. The number of plots used for 
multi-Ǉeaƌ ĐoŵpaƌisoŶs is giveŶ iŶ paƌeŶthesis iŶ the ͚Plot’ ĐoluŵŶ. MTP, ŵulti-trap plots; MYT, 
multi-year traps. 
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Table 2 Effect of sampling effort per plot (number traps/years) on species richness and assemblage 
composition at particular sites 
 Sites 
Comparison between 1 and 2 (years per trap or traps per plot)  
Number of 
plots (traps) 
SR-
Benefit 
Mean Mantel 
statistics r (1 vs 1+2) 
Mean Mantel 
statistics r (2 vs 1+2) 
MYT 
Ballons Comtois 6(12) 24.10% 0.78*** 0.47*** 
Belg-Wal 22(176) 20.21% 0.59*** 0.57*** 
Courneuve 2(10) 40.50% 0.60*** 0.28* 
Hauts-de-Seine 5(16) 35.16% 0.52*** 0.60*** 
Lozère 10(16) 29.06% 0.86*** 0.89*** 
Sausset 5(25) 40.94% 0.80*** 0.78*** 
mean   31.66% 0.69 0.60 
MTP 
Auberive 24(48) 30.94% 0.64*** 0.55*** 
Belg-Wal 22(44) 33.88% 0.58*** 0.62*** 
Brie 14(28) 24.44% 0.79*** 0.57** 
Coppices (=East 
France) 
29(58) 23.89% 0.71*** 0.73*** 
Fontainebleau 25(50) 24.50% 0.71*** 0.68*** 
Rambouillet 60(120) 27.27% 0.67*** 0.65*** 
Landes 52(104) 15.72% 0.81*** 0.84*** 
Troncais-CEM 31(62) 19.87% 0.34*** 0.60*** 
mean   25.06% 0.6621 0.6617 
* P < 0.05, ** P < 0.01, *** P < 0.001. 
The mean species richness benefit index (SR-Benefit) (see text) between traps (multi-trap plot; MTP) 
or years (multi-year trap; MYT) was used to measure the increase in species number caught by one 
additional trap or year, respectively. Mantel tests (999 permutations) assessed whether within-site 
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between-trap Sorensen distance matrices based, respectively, on single traps/years were correlated 
with data that included another trap or year, respectively. The number of traps in parenthesis is the 
total number of traps per site. 
 
 
Table 3 Number of traps in multi-year trap (MYT) and multi-trap plot (MTP) datasets for each 
ecological studied factor 
Environmental/methodological factors Number of 
traps 
Factor Category MYT MTP 
Forest type 
Conifer 11 89 
Deciduous 250 459 
Mixed 38 40 
Altitude 
Highland 44 16 
Lowland 255 572 
Climatic domain 
Alpine* 6 0 
Atlantic 57 360 
Continental 220 228 
Continental / 
mediterranean* 
16 0 
Bait 
Alcohol-baited 82 32 
No 217 556 
aThis category was not considered as a result of its low number of replicates 
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Table 4 Effects of sampling effort per plot (number of traps) on faunistic comparisons of different 
stand types 
   Comparison between A-B stand types 
      1 trap per plot 2 traps per plot 
Stand type Forests 
Number of 
plots 
(traps) 
Species 
richness 
difference 
Assemblage 
[A-B] 
dissimilarity 
Species 
richness 
difference 
Assemblage 
[A-B] 
dissimilarity 
A=managed Auberive 24(42) 10%ns 71.30% 13% ns 65.40% 
B=reserve Fontainebleau  25(50) -25% ns 78.80% -27%* 73.12% 
A=deadwood-
poor 
Rambouillet 60(120) 23% ns 66.97% 6% ns 61.41% 
Landes 52(104) -1% ns 77.96% -30%* 73.27% 
B=deadwood-
rich 
BelgWal Year1 22(44) 34% ns 75.28% 10% ns 70.33% 
BelgWal Year2 22(44) -12% ns 82.15% 23% ns 76.52% 
A=mature 
Coppices (Eastern 
France) 
29(58) 36%* 64.73% 41%* 62.79% 
B=overmature Troncais-CEM 31(62) -20% ns 68.49% 6% ns 62.49% 
 mean  |20.1%| 73% |19.5%| 68% ∗If order-1 Chao estimators of species richness in forest categories A and B did not overlap, not 
sigŶifiĐaŶt ;NSͿ if theǇ oveƌlapped; SoƌeŶseŶ dissiŵilaƌitǇ values ;+/− SDͿ did oveƌlap iŶ all 
comparisons of forest categories A and B with 1 or 2 traps per plot. The difference in species richness 
(order-1 Chao estimators) was calculated as the percentage of supplementary species in the B 
compared with the A stand type. Mean values of species richness difference were based on absolute 
values (|mean value|). Plots were considered to be dead wood-rich, using the thresholds: 30 m3/ha 
in the Rambouillet oak forest and in the Belgian oak-beech forests, and 20 m3/ha in the French 
Landes pine forest. Mature high forests were 150–175 years old; overmature high forests were more 
than 200 years old (Troncais); mature coppices were 25–30 years old, whereas overmature coppices 
were 70–80 years old (Coppices). The number of traps between brackets is the total number of traps 
per site. 
 64 
Chapitre II : Développements méthodologiques 
 
Figure 1 Mean benefit of species richness (SR-Benefit) values between traps (multi-trap plot; MTP) or 
years (multi-Ǉeaƌ tƌap; MYTͿ foƌ ͚all speĐies’, ͚ĐoŵŵoŶ speĐies’ aŶd ͚ƌaƌe speĐies’. S‘-Benefit is the 
increase in species number caught by one supplementary trap or year, which are compared as a 
percentage with one single trap or one single year, respectively. In the MYT between year analyses, 
we tested the effects of different combinations of 1-, 2- and 3-year sampling designs on SR-Benefit: a 
second sampling year after the first one (SR-Benefit A), a third sampling year after two first 
consecutive sampling years (SR-Benefit B), two supplementary sampling years after a single first one 
(SR-Benefit C). Error bars represent the 95% confidence intervals.  
 
  65 
Chapitre II : Développements méthodologiques 
 
Figure 2 Mean Sorensen dissimilarity between traps (multi-trap plot; MTP) or years (multi-year trap; 
MYTͿ foƌ ͚all speĐies’. The ŵeaŶ dissiŵilaƌitǇ is the diffeƌeŶĐe iŶ speĐies ĐoŵpositioŶ ďetǁeeŶ 
assemblages caught by one single trap or one single year and assemblages caught by two traps or 
additional years. In the MYT between year analyses, we assessed the dissimilarity between 
assemblages caught with different combinations of 1-, 2- and 3-year sampling designs: a second 
sampling year after the first one (dissimA), a third sampling year after two first consecutive sampling 
years (dissimB), two supplementary sampling years after a single first one (dissimC). In the MTP 
ďetǁeeŶ tƌap aŶalǇses, ͚dissiŵ’ is defiŶed as the dissiŵilaƌitǇ ďetǁeeŶ asseŵďlages Đaught ďǇ oŶe or 
two traps. Error bars represent the 95% confidence intervals.  
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Figure 3 Exclusive and interactive effects of trap or year replication on the total species richness in 
two-trap and 2-year plot designs, for all, common and rare species (multi-trap-multi-year-plot; 
MTMYP dataset). The increase in species richness was partitioned into three components: as a result 
of trap replication exclusively (from one to two traps) (I), as a result of year replication exclusively 
(from 1 to 2 years) (II) and as a result of both replication modes redundantly (III). Error bars are the 
SD. 
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Abstract 
Monitoring saproxylic beetle diversity, though challenging, can help identifying relevant 
conservation sites or key drivers of forest biodiversity, and assessing the impact of forestry practices 
on biodiversity. Unfortunately, monitoring species assemblages is costly, mainly due to the time 
spent on identification. Excluding families which are rich in specimens and species but are difficult to 
identify is a frequent procedure used in ecological entomology to reduce the identification cost. The 
Staphylinidae (rove beetle) family is both one of the most frequently excluded and one of the most 
species-rich saproxylic beetle families. Using a large-scale beetle and environmental dataset from 
238 beech stands across Europe, we evaluated the effects of staphylinid exclusion on results in 
ecological forest studies. Simplified staphylinid-excluded assemblages were found to be relevant 
surrogates for whole assemblages. The species richness and composition of saproxylic beetle 
assemblages both with and without staphylinids responded congruently to landscape, climatic and 
stand gradients, even when the assemblages included a high proportion of staphylinid species. At 
both local and regional scales, the species richness as well as the species composition of staphylinid-
included and staphylinid-excluded assemblages were highly positively correlated. Ranking of sites 
according to their biodiversity level, which either include d or excluded Stap hylinidae in species 
richness, also gave congruent results. From our results, species assemblages omittin staphylinids can 
be taken as efficient sur rogates for complete asse mblages in large scale biodiversity monitor ing 
studies. 
Keywords: biodiversity surrogate, insect sampling, biodiversity monitoring, identification cost 
 
Introduction 
The importance of beech forests for forest biodiversity conservation in Central Europe has 
recently been highlighted by several studies (Müller et al., 2013; Lachat et al., 2012; Gossner et al., 
2013). Within beech forest biodiversity, deadwood-associated (saproxylic) species account for about 
25% of the total species richness occurring in temperate and boreal forest ecosystems (Siitonen, 
2001; Stokland et al., 2004). This high proportion makes them challenging candidates for forest 
biodiversity monitoring. However, the species-rich saproxylic group is often seen as a response group 
in forest ecology. Furthermore, this group is known to be highly sensitive to forest management and 
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has consequently become threatened (Nieto & Alexander, 2010). Furthermore, saproxylic organisms 
may be used to discriminate old-growth forests from managed ones (Siitonen & Saaristo, 2000), or as 
indicators for different forestry regimes (Davies et al., 2008).  
Among the saproxylic organisms, beetles account for more than 20% of the species diversity 
(Stokland et al., 2004) and are often used as a relevant indicators of forest management impacts for 
convenience and practical reasons. Monitoring saproxylic beetle diversity has three main objectives: 
(i) forest site ranking, i.e., sorting sites according to their biodiversity level, and to identify relevant 
conservation sites (Timonen et al., 2010), (ii) identifying environmental structural drivers of forest 
biodiversity (Bouget et al., 2014) in order to establish efficient conservation measures and 
management guidelines, and (iii) assessing the impacts of forest management on biodiversity (Davies 
et al., 2008).  
The monitoring of species assemblages is nonetheless costly, mainly due to difficult and time-
consuming species identification (Müller & Brandl, 2009). High resolution analyses require 
informative long-time and costly datasets. The importance of data quality in saproxylic ecological 
studies has already been highlighted (Parmain et al., 2013). Several strategies are available to 
simplify the study of saproxylic species assemblages, especially to reduce the time spent on 
identification. These strategies imply the identification of specimens (i) at a morphospecies level 
(Obrist & Duelli, 2010), (ii) a supra-species level (e.g., genus level), or (iii) at the species level for only 
a species subset (indicators – Schmidl & Bussler, 2004) or selected families or species (monitoring 
species – Müller & Gossner, 2010).  
Morphospecies, instead of species, have been used in order to reduce identification cost, but 
this seems more efficient for butterflies and spiders (Derraik et al., 2002) than for beetles (Olivier & 
Beattie, 1996). Supra-species ŵoŶitoƌiŶg, also Đalled ͚taǆoŶoŵǇ suffiĐieŶĐǇ’, is ǁidelǇ used to ƌapidlǇ 
assess changes in biodiversity (Beattie & Olivier, 1994), but it does not allow researchers to 
determine fine-scale changes (Williams & Gaston, 1994) nor can multivariate analyses be computed 
(Terlizzi et al., 2003). Species subsets may be easier, cheaper and faster to study than the entire 
target group (Williams & Gaston, 1994), but relevant subsets able to predict overall species richness 
are difficult to identify. Within the saproxylic beetle group, the explanatory power of several species 
subsets have already been tested, such as easyto-identify (Sebek et al., 2012) or red-listed species 
(Timonen et al., 2010; Lachat et al., 2012). A near-full set of species can be quickly obtained while 
excluding the families whose identification is very time-consuming or taxonomically complicated 
(Kennedy & Jacoby, 1997). Family exclusion is therefore a frequently used procedure in beetle 
studies (Grove, 2002; Ohsawa, 2007; Bouget et al., 2014). Most of the excluded families are 
taxonomically complicated and their biology is not well known. Among saproxylic beetle families, 
some are nearly always kept for analyses (Cerambycidae, Elateridae, Cetoniidae) whereas others are 
often excluded from masstrapping samples to exclude doubtful data (Cryptophagus and Atomaria 
genera in Cryptophagidae, Epuraea in Nitidulidae, Latridiidae and Staphylinidae, especially 
Aleocharinae). Sebek et al. (2012) explored the surrogate ability of several saproxylic beetle families, 
either individually or in combination, to estimate total species richness per trap. However, rove 
beetles (Staphylinidae) were not available in the beetle dataset they used.  
The rove beetle family is one of the most species-rich saproxylic beetle families (just behind 
longhorn beetles. Supplementary Material). Today, staphylinid taxonomy is in effervescence 
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worldwide, with many new species being described (Brunke et al., 2012). On the other hand, it is also 
one of the most frequently excluded taxa. In some forest environments, staphylinids are one of the 
most abundant and species-rich families in trapped saproxylic beetle assemblages (Alinvi et al., 2007; 
Müller et al., 2008). In addition to their hyper-diversity (they are the most species-rich saproxylic 
subfamily in western Europe), Staphylinidae are hard to identify for the following reasons: (i) there 
are very few specialized taxonomical experts (Kim & Byrne, 2006); (ii) identification keys and books 
are difficult to keep up to date due to the quickly evolving taxonomy (though recent publications 
(Löbl & Smetana, 2004; Assing & Schülke, 2011) have updated the previous identification tools 
(Lohse, 1964; Lohse et al., 1974) for Central Europe (excluding, however, some speciesrich sub-
families such as Aleocharinae, Pselaphinae and Scydmaeninae); (iii) identification requires the 
analysis of internal genitalia, i.e., the Aleocharinae, (Schmidl & Bussler, 2004; Bouget et al., 2008; 
Stokland & Meyke, 2008); and (iv) the few specialists are rapidly overwhelmed by the huge quantities 
of samples related to large-scale sampling designs (Langor et al., 2006).  
These reasons all indicate that excluding Staphylinidae from forest biodiversity samples may 
save time and money and make saproxylic beetle datasets more rapidly available for analysis. 
Nonetheless, the effects of such an exclusion on the results in ecological studies must be evaluated.  
Using a large-scale dataset compiled in European beech forests (Müller et al., 2013), we 
addressed the following main questions: 
- Do saproxylic beetle assemblages with and without staphylinids congruently respond to 
ecological (landscape, macroclimatic and local) gradients? How do the species richness and 
composition of assemblages with and without staphylinids co-vary? In addition, we analyzed 
this secondary issue: Is the response of staphylinid-restricted assemblages to ecological 
gradients well reflected by the response of staphylinid-excluded assemblages? 
 
Material and methods 
We compiled saproxylic beetle data obtained during various projects and corresponding to a 
total of 1188 flight interception traps in 238 forest stands dominated by European Beech (> 50% 
beech cover) on 85 sites in nine different countries (see Supplementary Material) from Sweden to 
Switzerland and the Ukraine (Carpathians). All traps were cross-vane flight-interception traps made 
up of transparent plastic windows, with total interception area comprised between 0.6 and 1 m2.  
Ecological gradients and environmental data  
For the purpose of this study, forest conditions were surveyed at the following levels (see 
Gossner et al., 2013, for details):  
(i) Landscape characteristics (see table 1) (3-km radius around the center of each stand) 
were assessed according to the European-wide land-cover mapping project CORINE 
(http://www.corine.dfd.dlr.de), which uses satellite remote-sensing images at a scale of 
1:100,000. Land-use information includes 44 categories, which were used to calculate 
the following variables (table 1): the proportion of deciduous forest, the proportion of 
conifer stands relative to the extent of forest and the proportion of traffic and 
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settlements. For Switzerland, the variables were taken from www.swisstopo.admin.ch; 
for Ukraine, the variables were estimated from Google Earth aerial photos. 
(ii)  Climate variables (see table 1) were extracted from the WorldClim database with a 
resolution of 30 s and calculated as a mean value within a 1-km radius; a larger radius 
would have led to inaccurate values for sites in rough terrain (Hijmans et al., 2005). We 
selected mean temperature and precipitation of warmest quarter as ecologically 
meaningful variables for the life cycle of beetles. In addition, we included trap elevation.  
(iii) Stand conditions (see table 1) were defined according to three parameters: the 
estimated deadwood amount in three levels (low (< 30 m3 ha 1; N=689), medium (30–70 
m3 ha 1; N=257), high (> 70m3 ha 1; N=242)), the protection status (managed versus 
unmanaged; a stand was considered unmanaged only if harvesting had been absent for 
at least 10 years), and the occurrence of veteran trees in the trap surroundings (presence 
versus absence). 
Beetle data 
Beetles were identified to the species level by taxonomic experts, and only saproxylic species 
were considered for our analyses. We classified beetles as saproxylic following Schmidl & Bussler 
(2004) and Köhler (2010).  
We defined three types of species assemblage: (i) with Staphylinidae only (staphylinid-
restricted), (ii) with all species except for Staphylinidae (staphylinid-excluded), and (iii) with all 
species including Staphylinidae (staphylinid-included).  
We distinguished three levels of Staphylinidae species richness per trap: low (staphylinid 
species accounted for <10% of total trap richness; N= 466)), medium (staphylinid richness = 10–25% 
of total richness; N= 521)) and high (> 25% of the species were Staphylinidae, N= 201). 
Analyses 
Most analyses were carried out at the trap level. The European dataset was divided into eight 
regions, defined by hierarchical cluster analysis (HCA) of between-trap Euclidian distance matrices 
between geographical coordinates (vegdist function, lme4 package (Bates et al., 2014)) 
(Supplementary Material). These geographical clusters were included in our models as random 
spatial effects.  
The correlations between staphylinid-restricted/staphylinid-excluded and staphylinid-
included/staphylinid-excluded species richness were calculated with Spearman correlation tests.  
We also analyzed the effects of staphylinid exclusion on site ranking, based on species 
richness. We ranked forest sites (regional scale) and stands (local scale) according to the species 
richness of staphylinid-included or staphylinid-eǆĐluded asseŵďlages. We used the ͚ŵiŶ’ ŵethod iŶ 
the rank R function to manage ties (ex-aequos). At both spatial scales (forest n = 85 and stand n = 
238), we computed the mean absolute value of rank differences (standardized by sample size) and 
the total percentage of congruent rankings (± 5% ranking error). After ranking, we also quantified 
how much the top-ten forests (or sites, or stands) diverge using staphylinidae-excluded or -included 
species richness values.  
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Contributions of environmental variables (climate, landscape and stand variables; table 1 ) to 
variations in species richness (rarefied by abundance) between staphylinidrestricted/staphylinid-
excluded and staphylinid-included/ staphylinid-excluded assemblages were analyzed in Linear Mixed 
Models, with country, forest site and stand as spatiallyimplicit random effects on the intercept (glmer 
function in lme4 (Bates et al., 2014)).  
Compositional differences between staphylinid-restricted/staphylinid-excluded and 
staphylinid-included/staphylinidexcluded assemblages were analyzed using spatiallyconstrained 
MaŶtel tests ;ŵethod = ͚peaƌsoŶ’, peƌŵutatioŶ = ϵϵϵ, stƌata = ƌegioŶͿ. To ƌaŶk the effeĐt of seveƌal 
variables on variations in species composition (including singletons), we performed a canonical 
analysis of principal coordinates (CAP) (vegan R-paĐkage, AŶdeƌsoŶ & Willis, 2ϬϬϯͿ ǁith ͚foƌest’ as a 
constrained factor. Based on Jaccard distance matrices, we carried out inertia partitioning on all 
explanatory environmental variables, since co-linearity among predictor variables is not considered 
to be a problem in CAP. We calculated the marginal (intrinsic) inertia explained by each variable (with 
all other variables partialled out before analysis), the latteƌ’s statistiĐal sigŶifiĐaŶĐe ;peƌŵutatioŶ 
tests – 199 runs), and the relative contribution of each set of variables to marginal inertia.  
All analyses were conducted with R 3.0.1 (R Core Team, 2013). 
 
Results 
Our compiled dataset included 552,651 individuals and 936 saproxylic beetle species. 
Staphylinidae was the most species-rich family (145 species). These 145 staphylinid species account 
for about 16% of the cumulated richness and 14% of the mean richness per trap. The contribution of 
rove beetles to the mean species richness per trap was not different in managed or in unmanaged 
stands, in deciduous- or in coniferdominated forests, in deadwood-poor or in deadwood-rich stands, 
and in lowland or in mountain forests (for details, see Supplementary Material).  
(1) Staphylinid-included versus staphylinid-excluded assemblages  
Alpha diversity and stand ranking  
At the stand level, the Spearman correlation value between species richness in staphylinid-
included versus staphylinidexcluded assemblages was very high (rho = 0.99; fig. 1 a). The ten most 
species-rich stands were consistent between staphylinid-included and staphylinid-excluded 
assemblages for nine out of ten stands. The stand ranking based on staphylinidexcluded data gave a 
similar result compared with staphylinid-included data in more than 75% of the cases, considering a 
5% ranking error; respectively 77 and 79% of the cases in managed and unmanaged stands. The 
mean value of rank difference between staphylinid-included and staphylinidexcluded ranking 
standardized by sample size was 0.03, both in managed and unmanaged stands. The Mantel 
correlation value between staphylinid-included and staphylinid-excluded dissimilarity matrices was 
high and significant (r = 0.98, P < 0.001; fig. 1 b).  
Gamma diversity and site ranking  
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At the forest site level, species richness in staphylinidincluded and staphylinid-excluded 
assemblages was strongly correlated (Spearman rho = 0.99; fig. 1 c). The identification of the ten 
most species-rich sites in our dataset was similar with staphylinid-excluded data compared with 
staphylinidincluded data in more than 75% of the cases (with an accepted 5% ranking error). In the 
Top10 sites given by the ranking of staphylinid-excluded assemblages, eight were also among the 
Top10 based on staphylinid-included data. The mean value of rank difference between staphylinid-
included and staphylinid-excluded data ranking, standardized by sample size, was 0.03.  
Environmental drivers of variations in species richness 
Whether staphylinid-included or -excluded datasets were used, the influence of structural 
variables on species richness was consistent. Furthermore, the proportion of variance explained by 
fixed factors (for significant factors only, R2) was slightly higher for staphylinid-excluded data 
(Supplementary Material). The level of staphylinid richness per trap did slightly influence the 
response of beetle species richness to environmental parameters. In the dataset restricted to traps 
with low or medium staphylinid richness, the effects of stand, climatic and landscape variables on 
species richness per trap were always consistent between staphylinid-included and staphylinid-
excluded assemblages. However, in the case of traps with high staphylinid richness, the effect of the 
climatic variable, mean temperature of the warmest quarter, was significant on the staphylinid-
excluded assemblage, but not on the whole assemblage.  
Environmental drivers of variations in species composition 
 From the CAP results, a uniform and significant response of the intrinsic contributions to 
inertia of selected variables was observed with both the staphylinid-included and the staphylinid-
excluded species assemblages. Deadwood amount was the most powerful explanatory variable (table 
3).  
(2) Response of staphylinid-restricted assemblages  
At the stand level, the Spearman correlation value between species richness in staphylinid-
restricted versus staphylinidexcluded assemblages was lower than the 
staphylinidincluded/staphylinid-excluded correlation but remained significant (rho=0.74; fig. 1d). The 
Mantel correlation value was low but still significant between staphylinid-restricted and staphylinid-
excluded distance matrices (r=0.18, P<0.001; fig. 1e). At the forest site level, species richness values 
were less correlated in staphylinid-restricted versus staphylinidexcluded assemblages (rho=0.78; fig. 
1f) than in staphylinidincluded versus staphylinid-excluded assemblages. 
Environmental drivers of variations in species richness 
The effects of stand, climatic and landscape variables on species richness per trap were not 
always consistent between staphylinid-restricted and staphylinid-excluded assemblages (table 2). 
Deadwood amount and mean temperature of the warmest quarter had a significant effect on species 
richness per trap in the staphylinid-excluded data, whereas they did not significantly affect the 
species richness per trap in the staphylinid-restricted data. 
Environmental drivers of assemblage variations 
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In comparison with staphylinid-excluded assemblages, staphylinid-restricted assemblages 
were far less influenced by selected environmental variables: five out of nine predictors did not have 
a significant intrinsic contribution to inertia (table 3). Unlike staphylinid-excluded assemblages, 
staphylinid-restricted assemblages were not significantly influenced by management treatment by a 
surrounding landscape cover of conifer-dominated forests or by bio-climatic variables (table 3). Like 
staphylinid-excluded assemblages, staphylinid-restricted assemblages were affected by a 
surrounding landscape cover of deciduous-dominated forests, by local deadwood amount and by 
local occurrence of veteran trees. As for staphylinid-excluded assemblages, deadwood amount had 
the most important intrinsic contribution to inertia.  
Mean temperature and deadwood amount did significantly affect the species richness of 
staphylinid-excluded assemblages, but not of staphylinid-restricted assemblages. 
 
Discussion 
To include or exclude staphylinids? 
In beech-dominated forests, the contribution of rove beetles to the species richness of 
saproxylic beetle assemblages was important on average, and particularly so in managed stands, in 
deciduous-dominated landscapes, in deadwoodpoor forests and in lowlands. This shows the 
important role rove beetles should play in biodiversity monitoring in managed forests at low 
altitudes; however, these types of forests are not currently the focus of much recent research (e.g., 
Carnus et al., 2006). These findings clearly support the interest of our study on the impact on 
ecological results of taking into account this species-rich family or not.  
From our evaluation of the effects of Staphylinidae family exclusion on results in ecological 
studies, we can infer that simplified staphylinid-excluded assemblages are relevant surrogates for 
whole assemblages. The species richness and composition of assemblages with or without 
staphylinids consistently co-varied. At the stand and forest site levels, the species richness values of 
the total assemblage and the staphylinid-excluded assemblage were highly positively correlated. 
Ranking procedures, with and without Staphylinidae included in species richness, gave consistent and 
similar results at both local and regional scales. The congruency of stand ranking using the whole or 
the staphylinid-excluded data for species richness calculations was the same in unmanaged and in 
managed stands. Moreover, the distance matrices based on both types of assemblages also strongly 
correlated. Indeed, species richness and composition of saproxylic beetle assemblages, with or 
without staphylinids, congruently responded to landscape, climatic and stand gradients. The 
staphylinid-included and the staphylinidexcluded assemblages were generally influenced by similar 
environmental drivers (deadwood amount, temperature, and elevation), with a greater part of 
variance explained for staphylinid-excluded assemblages. Therefore, the difference in R2 between 
models based on staphylinid-included or excluded datasets was low, and we cannot draw conclusions 
on this point. 
Overall, excluding Staphylinidae from saproxylic beetle assemblages did not lead to irrelevant 
estimations at local or regional scales, contrary to analyses based on data from poorly replicated 
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designs (Parmain et al., 2013). Olivier & Beattie (1996) obtained similar identical rankings between 
sites with a simplified morphospecies approach compared with a detailed species inventory. 
Staphylinids as a target group? 
Since rove beetle species are numerous, easily caught in window-flight traps in various forest 
conditions, the Staphylinidae family could legitimately be suggested as a potential surrogate group 
reflecting saproxylic beetles as a whole. Indeed, they are often used in other types of monitoring 
(e.g., pitfall traps; Buse & Good, 1993). Nevertheless, according to our results in European beech 
forests, the response of staphylinid-restricted assemblages to rough ecological gradients did not 
reflect the response of other saproxylic beetle families, though at the stand and the forest site levels, 
their species richness was significantly correlated. While investigating the surrogate power of four 
other single saproxylic beetle families, Sebek et al. (2012) observed the highest correlation between 
within-family and total richness for Cerambycidae (rho =0.50). In our study, we found higher 
correlation values for Staphylinidae (rho= 0.68). However, the environmental drivers of species 
richness and composition of staphylinid-excluded or staphylinid-restricted assemblages differed. 
Moreover, the distance matrices based on the two types of assemblages converged only slightly.  
Even though Bohac (1999) proposed the use of rove beetle assemblages as bio-indicators for 
human land use in seminatural and urban areas, we do not recommend their use as indicators of 
saproxylic assemblages in a forest context. 
 
Perspectives 
We studied saproxylic beetle assemblages only in terms of species richness and composition. 
Further approaches could focus on the guild structure and the conservation interest of the 
community. Such research would need to confront the lack of knowledge on rove beetle biology and 
rarity status. Furthermore, the data that do exist indicate that staphylinid species that have been 
recorded as predators specialists are probably more opportunistic than was predicted (e.g., Horák et 
al., 2011). Furthermore, as alluded to in the introduction, many staphylinid species have undescribed 
larvae and the females of several species are not distinguishable from other species (e.g., 
Scaphisoma sp.). Staphylinidae are known to have large ecological niches (Bohac, 1999); most of 
them live in highly variable environments as generalist predators in soil litter or as parasitoids of 
Dipteran pupae (i.e., Aleocharinae). Their detailed ecological requirements and association to 
deadwood microhabitats, as well as their rarity status and distribution patterns remain poorly known 
for many species. Falsely identified saproxylic staphylinid species may therefore weaken, disturb or, 
in the worst case, invert the relationships pattern between species and environmental conditions. 
Further ecological and taxonomical research on Staphylinidae is thus urgently needed.  
The saproxylic beetle group is family-rich, with more than 70 families in France alone (Bouget 
et al., 2008). Beetle families other than Staphylinidae may also be time-consuming to identify, and 
are sometimes excluded from assemblage analyses. These neglected families may concern key 
feeding groups of specialized species, such as Ciidae, a fungus-eating species, or they may include 
threatened and often regionally red-listed species such as Aderidae. Their exclusion may lead to 
biases in the identification of conservation sites and in functional community analyses. The costs and 
  75 
Chapitre II : Développements méthodologiques 
benefits of family exclusion versus exhaustiveness in beetle biodiversity assessment – especially 
rapid biodiversity assessments (Sebek et al., 2012) – should be further investigated. Finally, our study 
was based only on European beech forests, and it would be informative to conduct similar analyses 
in differing forest settings, for instance in European temperate oak forests or in conifer-dominated 
boreal forests.  
The supplementary material for this article can be found at http://www.journals.cambridge.org/BER.  
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Table 1. Description of variables (macro-climate, stand, region and landscape) explored in the study. 
See Gossner et al. (2013) for further details. 
   
min mean (sd) max 
Climatic 
bio_10 Mean temperature of warmest quarter 116.5 158.1 (10.80) 184.7 
bio_18 Precipitation of warmest quarter 165.8 310.4 (65.48) 434.4 
Landscape 
Laub3000 
On a 3km radius around the center of each stand: 
proportion of deciduous forest 
0.005 0.4205 (0.233) 1 
Nadel3000 
On a 3km radius around the center of each stand: 
proportion of conifer forest 
0 0.1931 (0.187) 0.74 
Siedlung3000 
On a 3km radius around the center of each stand: 
proportion of traffic and settlements 
0 0.03 (0.049) 0.31 
Region 
1 Belgium, North-western Germany, Luxembourg n=512 
2 Western Germany, Switzerland  n=205 
3 Sweden  n=70 
4 Czech Republic, Slovakia  n=50 
5 Czech Republic, Southern Germany  n=164 
6 Germany  n=95 
7 Italy n=83 
8 Ukraine  n=9 
Stand 
Deadwood 
amount 
Dead wood volume estimation in a 25m radius 
around the trap.  
Low (<30 m3/ha; N = 689), Medium (30-70 m3/ha; N = 
257), High (>70 m3/ha; N = 242) 
Protection 
Considered unmanaged only if no harvesting had 
occurred for at least 10 years  
N Unmanaged=339 
N Managed=849 
Veteran Tree 
Presence of veteran tree in the surroundings of 
the trap. Veteran trees have a DBH>70 
N Presence=447; 
N Absence=741 
Elevation  Altitude of the stand  Plain N=404 Hill N=608 Mountain N=176 
Bio-region 
Alpine n=103 
Atlantic n=14 
Continental n=1062 
Mediterranean n=9 
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Table 2. Response in species richness of staphylinid-included, staphylinid-excluded and staphylinid-
restricted assemblages to macro-climate, stand and landscape variables, analyzed using a 
Generalized Linear Mixed Model with a Gaussian error distribution, and forest site and stand as 
spatial random effects. 
Trap 
subsets 
Species 
assemblage
s 
Ntrap
s 
Deadwoo
d amount 
Elevatio
n 
Protectio
n 
Vetera
n trees 
bio_1
0 
bio_1
8 
Laub300
0 
Nadel300
0 
Siedlung300
0 
All 
Staphylinid-
included 
1188 
** ***     ** ***       
Staphylinid-
excluded 
** ***     ** ***       
Staphylinid-
restricted 
  ***       ***       
Low 
contributio
n of rove 
beetles to 
total 
richness 
(0/10%) 
Staphylinid-
included 
466 
                  
Staphylinid-
excluded 
                  
Staphylinid-
restricted 
                  
Medium 
contributio
n of rove 
beetles to 
total 
richness 
(10/25%) 
Staphylinid-
included 
521 
** ***     ** ***       
Staphylinid-
excluded 
** ***     ** ***       
Staphylinid-
restricted 
** ***       ***       
High 
contributio
n of rove 
beetles to 
total 
richness 
(more than 
25%) 
Staphylinid-
included 
201 
  ***               
Staphylinid-
excluded 
  ***     ** **       
Staphylinid-
restricted 
  ***       **       
 
Only significant responses were displayed (***P<0.001, ** 0.01>P>0.001, * 0.05>P>0.01). bio_10, 
mean temperature of the warmest quarter; bio_18, precipitation of the warmest 
quarter;Deciduous3000 m, proportion of deciduous forest in a 3km-radius buffer; Conifer3000 m, 
proportion of conifer forest in a 3km-radius buffer; Urban3000 m, proportion of traffic and 
settlements in a 3km-radius buffer; Ntraps, number of traps in each Trap subset. 
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Table 3. CAP used to partition the variation in the response species-plot matrix with respect to the 
combination of explanatory variables (macro-climate, stand and landscape). Only the intrinsic 
contribution to inertia of each variable is displayed. 
  All species No staph Staph only 
  Var % signif Var % signif Var % signif 
Deadwood amount 1.69 0.44 ** 1.7 0.43 ** 1.61 0.49 ** 
Protection 1.14 0.29 ** 1.19 0.3 ** 0.34 0.1 ns 
Elevation 0.9 0.23 ** 0.91 0.23 ** 0.43 0.13 * 
Veteran Trees 0.94 0.24 ** 0.93 0.24 ** 0.65 0.2 ** 
bio_10 0.71 0.18 ** 0.71 0.18 ** 0.41 0.12 ns 
bio_18 0.81 0.21 ** 0.82 0.21 ** 0.38 0.12 ns 
Laub3000 0.89 0.23 ** 0.89 0.23 ** 0.67 0.2 ** 
Nadel3000 0.58 0.15 ** 0.6 0.15 ** 0.29 0.09 ns 
Siedlung3000 0.58 0.15 ** 0.57 0.15 ** 0.32 0.1 ns 
 
Signif. codes: ***P <0.001, ** 0.01>P > 0.001, * 0.05>P >0.01, ns P > 0. 
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Fig. 1. a; b; c: correlation between staphylinid-included and staphylinid-excluded data. d; e; f: 
correlations between staphylinid-restricted and staphylinid-excluded data. 
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Partie II : Critiques et perspectives 
I) Limites des actions menées 
I.1) Réplications spatiale et temporelle  
I.1.1) Les différents types de pièges 
Nous avoŶs Đhoisi d’Ġtudieƌ les effets de la ƌĠpliĐatioŶ spatiale et teŵpoƌelle des piğges à 
iŶteƌĐeptioŶ suƌ les Đoƌtğges d’espğĐes sapƌoǆǇliƋues oďteŶus. BieŶ que cette méthode 
d’ĠĐhaŶtilloŶŶage soit doŵiŶaŶte eŶ Euƌope pouƌ Đe gƌoupe, il Ŷe faut pas ŶĠgligeƌ les ŵĠthodes 
complémentaires. Parmi ces dernières, le piège-fosse iŶstallĠ daŶs les ĐavitĠs d’aƌďƌes ;Chiaƌi et al., 
2012), les pièges-vitre insérés dans les fructifications de champignons saproxyliques (Kaila, 1993) 
sont des méthodes susceptibles de réagir différemment à la réplication spatiale ou temporelle.  
Cette constatation ne se limite pas aux coléoptères saproxyliques. La connaissance des biais et des 
efficacités des méthodes de piégeage devrait être généralisée à la totalité des études portant sur les 
insectes, et de manière plus large sur la totalité des études portant sur les êtres vivants. Cela pour 
éviter de constater que les résultats mis en évideŶĐe paƌ le ŵoǇeŶ de ĐeƌtaiŶes ŵĠthodes s’avğƌeŶt 
iŵpaĐtĠes paƌ la ŵĠthode d’Ġtude elle-même. Des exemples particulièrement frappants sont 
produits par Dugger et al, (2006) et Beaulieu et al, (2010).  
 
I.1.2) Suivis à long terme 
Notre étude a été limitée par les données dont nous avons pu disposer. Elles étaient issues 
d’iŶveŶtaiƌes, gĠŶĠƌaleŵeŶt ĐoŶduits suƌ de pĠƌiodes de tƌois aŶs, aveĐ uŶ Ŷoŵďƌe de piğges liŵitĠs. 
Nous Ŷ’avoŶs de Đe fait pas eu aĐĐğs à des plus gƌaŶdes sĠƌies teŵpoƌelles. Ces sĠƌies temporelles 
auƌaieŶt peƌŵis de ŵieuǆ appƌĠheŶdeƌ le ĐhaŶgeŵeŶt eŶ ĐoŵpositioŶ et eŶ Ŷoŵďƌe d’espğĐes 
supplémentaires contactées au fur et à mesure du temps. 
 
I.1.3) Richesse cumulée 
L’ĠvaluatioŶ de la ƋuaŶtitĠ d’espğĐes ĐoŶtaĐtĠe paƌ ƌappoƌt au Ŷoŵďƌe d’espğces présentes dans le 
ŵilieu se fait gĠŶĠƌaleŵeŶt paƌ l’utilisatioŶ de Đouƌďes de ƌiĐhesse ĐuŵulĠes. L’asǇŵptote s’oďtieŶt 
lorsque la quasi-totalitĠ des espğĐes du ŵilieu a ĠtĠ ĐoŶtaĐtĠe. A Đe ŵoŵeŶt, l’ĠĐhaŶtilloŶŶage est 
jugé représentatif de la communautĠ ĠtudiĠe, et les ƌĠsultats oďteŶus soŶt valaďles pouƌ l’eŶseŵďle 
de la communauté étudiée.  
L’effoƌt d’ĠĐhaŶtilloŶŶage à fouƌŶiƌ à l’aide de piğges à iŶteƌĐeptioŶs pouƌ ĐoŶtaĐteƌ ϵϬ% d’espğĐes 
détectables au PolytrapTM ;et ŶoŶ pas du Ŷoŵďƌe d’espğĐes total du milieuͿ Ŷ’a pouƌ l’iŶstaŶt pas ĠtĠ 
évalué. Il faudrait mener une étude de très long terme avec un grand nombre de pièges sur une 
suƌfaĐe foƌestiğƌe ƌestƌeiŶte pouƌ oďteŶiƌ des pƌeŵieƌs ƌĠsultats. A titƌe d’eǆeŵple, j’eǆpose la 
courbe de richesse cumulĠe oďteŶue aveĐ uŶ ĠĐhaŶtilloŶŶage effeĐtuĠ à l’aide de ϴϭ piğges à 
interception (Figure 5a), et l’eǆtƌapolatioŶ de Đette Đouƌďe à l’aide de l’ĠƋuatioŶ fouƌŶie paƌ la dƌoite 
de régression (Figure 5b).  
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Figure 6 : a : Courbe de richesse cumulée obtenue avec 81 pièges PolytrapTM en fonctionnement 
pendant une saison biologique. b : eǆtƌapolatioŶ à uŶ gƌaŶd Ŷoŵďƌe de piğges à paƌtiƌ de l’ĠƋuatioŶ 
de régression de la courbe a. 
L’asǇŵptote Ŷ’est atteiŶte Ƌu’eŶ ŵettaŶt eŶ œuvƌe uŶ Ŷoŵďƌe iŵpoƌtaŶt d’uŶitĠs d’ĠĐhaŶtilloŶŶage 
(1118 au total sur cet exemple). Le seuil des 50% des espèces totales est atteint au bout de 33 unités 
d’ĠĐhaŶtilloŶŶage, et le seuil des ϵϬ% est atteiŶt au ďout de ϱϰϴ uŶitĠs d’ĠĐhaŶtilloŶŶage.  
 
I.2) Optimisation des coûts 
I.2.1) D’autres familles difficiles d’identification à exclure ?  
Les StaphǇliŶidae Ŷe soŶt pas les seules faŵilles pƌĠseŶtaŶt des diffiĐultĠs ĠlevĠes d’ideŶtifiĐatioŶ. Il 
est également possible de citer les Mordellidae, Scraptiidae, Latƌidiidae, Ciidae, et ďieŶ d’autƌes 
eŶĐoƌe. L’aŶalǇse de l’iŵpaĐt de la ŶoŶ-ĐoŶsidĠƌatioŶ de Đes faŵilles suƌ les ƌĠsultats d’Ġtudes ƌeste à 
évaluer. Il est probable que la non-pƌise eŶ Đoŵpte iŶdividuelle Ŷ’aŵğŶe Đoŵŵe pouƌ les 
Staphylinidae à aucune consĠƋueŶĐe suƌ l’ĠvaluatioŶ de paƌaŵğtƌes environnementaux grossiers à 
large échelle. Mais pris de manière conjointe, il est possible que les résultats puissent changer. La 
ƋuaŶtitĠ de doŶŶĠes eŵploǇĠe peut eŶ effet ĐhaŶgeƌ les ƌĠsultats d’Ġtude daŶs 2ϱ% des cas 
(Parmain et al., 2013 [1]1).  
I.2.2) Echelle européenne vs échelle locale 
Le jeu de données que nous avons mobilisé est un agglomérat de différentes études locales. Chaque 
étude a été réalisée dans un but précis, et les variables environnementales ƌĠĐoltĠes l’oŶt ĠtĠ de 
ŵaŶiğƌes diffĠƌeŶtes. De plus, toutes les vaƌiaďles Ŷ’ĠtaieŶt pas ĐoŵŵuŶes eŶtƌe tous les jeuǆ de 
données. Le lissage nécessaire pour pouvoir travailler avec des variables homogènes s’est fait ͚paƌ le 
ďas’. Cela sigŶifie Ƌu’il est ŶĠĐessaiƌe de dĠgƌadeƌ l’iŶfoƌŵatioŶ des diffĠƌeŶtes souƌĐes au Ŷiveau le 
plus bas au sein de tous les jeux de données. Par exemple, si la variable « volume de bois mort » est 
dispoŶiďle pouƌ la totalitĠ des jeuǆ de doŶŶĠes ŵais Ƌu’elle est ĠvaluĠe de ŵaŶiğƌe précise dans un 
cas (volume mesuré de bois mort) et très grossière dans un autre (volume estimé, selon trois classes 
                                                          
1
 Le chiffre entre crochets fait référence aux articles définis dans le tableau 2. 
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͚faiďle’, ͚ŵoǇeŶ’, ͚foƌt’Ϳ, il seƌa ŶĠĐessaiƌe de ĐoŶveƌtiƌ l’iŶfoƌŵatioŶ du voluŵe eŶ Đlasse. Il Ǉ a doŶĐ 
uŶe peƌte d’iŶfoƌŵatioŶ liĠe à Đette uŶifoƌŵisatioŶ. Il est possiďle Ƌue l’eǆĐlusioŶ des StaphǇliŶidae 
des jeuǆ de doŶŶĠes puisse avoiƌ uŶe iŶflueŶĐe sigŶifiĐative suƌ les ƌĠsultats d’Ġtudes loĐales eŶ 
ƌelatioŶ aveĐ des vaƌiaďles d’uŶe plus gƌaŶde fiŶesse.  
 
II) Perspectives 
II.1) Portée de détection du piège à interception  
Nous avoŶs ŵoŶtƌĠ Ƌue les Đoƌtğges d’espğĐes oďteŶus eŶtƌe deuǆ piğges distaŶts d’eŶviƌoŶ 2Ϭŵ 
sont significativement différents. Cette constatation avait également été effectuée par Sverdrup-
Thygesson et Birkemoe (2009Ϳ. CeĐi plaide eŶ faveuƌ d’uŶe iŶflueŶĐe iŵpoƌtaŶte des ŵiĐƌo-
ĐoŶditioŶs statioŶŶelles pouƌ eǆpliƋueƌ les asseŵďlages loĐauǆ des espğĐes. L’utilisatioŶ de plusieuƌs 
pièges par placette lorsque cela est possible permet de compenser cet effet. Pourtant, ce résultat 
plaide également en faveur de la nécessité de mettre en place un nombre de pièges élevé pour 
permettre de couvrir un grand nombre de conditions micro-stationnelles présentes au sein des 
forêts. Cette réflexion est particulièrement valable si le but est de contacter des espèces rares –dans 
le Đadƌe de l’ĠvaluatioŶ de l’Ġtat de ĐoŶseƌvatioŶ du ŵilieu paƌ eǆeŵple- généralement tributaires 
d’haďitats paƌtiĐulieƌs et ƌaƌĠfiĠes dans les forêts exploitées.  
 
II.2) Cas particulier des espèces rares 
Il est iŵpoƌtaŶt d’iŶtƌoduiƌe la ŶotioŶ d’espğĐe spĠĐialiste et/ou ƌaƌe à Đe stade du ƌaisoŶŶeŵeŶt. EŶ 
effet, un écosystème qui verrait sa richesse spécifique augmenter suite à une perturbation non 
naturelle ne serait pas forcément en bon état de conservation. Il faut donc principalement prendre 
en compte les espèces spécialistes des écosystèmes concernés - si la richesse spécifique est utilisée 
Đoŵŵe iŶdiĐateuƌ du ďoŶ Ġtat de ĐoŶseƌvatioŶ de l’ĠĐosǇstğŵe- même si elles y sont communes. 
Vient ensuite le cas particulier des espèces rares ou sur les listes rouges de conservation (red-listed). 
Ces espğĐes pƌĠseŶteŶt des degƌĠs de seŶsiďilitĠ diffĠƌeŶts à l’Ġgaƌd des aĐtivitĠs huŵaiŶes et Ŷe 
sont parfois retrouvées que dans les zones non (ou peu) impactées par les activités humaines (Poulin 
et al., 2008 ; Roberge et al., 2008 ; Molina et al., 2006). 
Il existe deux façons de caractériser une espèce rare : (i) a priori (ii) a posteriori.  
La caractérisation a priori va se baser sur la connaissance de la communauté des entomologistes, 
pƌatiƋuaŶt des pƌospeĐtioŶs à l’aide de ŵĠthodes diveƌses. C’est l’appƌoĐhe de la ƌaƌetĠ telle 
Ƌu’utilisĠe paƌ Bƌustel ;2ϬϬϭͿ pouƌ les ĐolĠoptğƌes sapƌoǆǇliƋues ou paƌ PĠtilloŶ et al, (2007) pour les 
araignées. Elle est dépendante des connaissaŶĐes gĠŶĠƌales du gƌoupe ŵais peƌŵet d’Ġvalueƌ la 
ƌaƌetĠ d’uŶe espğĐe au Ŷiveau ŶatioŶal. Cela peƌŵet la ĐoŶstƌuĐtioŶ d’uŶe ďase de doŶŶĠes 
référençant les espèces, en indiquant leur degré de rareté. Suite à un échantillonnage, il sera aisé de 
déterminer le degƌĠ de ƌaƌetĠ d’uŶe espğĐe, eŶ s’affƌaŶĐhissaŶt des ďiais ĐƌĠes paƌ l’ĠĐhaŶtilloŶŶage.  
La caractérisation a postériori se fait au vu des données récoltées. Elle est généralement basée sur la 
pƌopoƌtioŶ d’iŶdividus Ƌue ƌepƌĠseŶte ĐhaƋue espğĐe au seiŶ du pool total d’espğĐes ĐoŶtaĐtĠes 
(Gering et al., 2ϬϬϯͿ ŵais peut ĠgaleŵeŶt ƌĠpoŶdƌe à la dĠfiŶitioŶ des espğĐes Ƌui Ŷ’oŶt ĠtĠ 
ĐoŶtaĐtĠes Ƌu’uŶe seule fois suƌ l’eŶseŵďle du jeu de doŶŶĠes ;NovotŶǇ et Basset, 2ϬϬϬͿ. UŶe 
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espèce pourra donc être rare dans un cas, et commune dans un autre, en fonction des aléas 
d’ĠĐhaŶtilloŶŶage, et du ŵilieu d’Ġtude.  
UŶe appƌoĐhe ͚ŵiǆte’ est pƌoposĠe paƌ LeƌoǇ et al, ;2Ϭϭ2Ϳ. Leuƌ ŵĠthode peƌŵet d’assigŶeƌ uŶe 
valeur de rareté à une espèce en fonction de son occurrence au sein des données étudiées, en 
pƌeŶaŶt eŶ Đoŵpte les doŶŶĠes pƌĠĐĠdeŶtes de la ŵġŵe zoŶe et des zoŶes adjaĐeŶtes. L’oƌigiŶalitĠ 
de Đette appƌoĐhe ƌĠside ĠgaleŵeŶt daŶs le Đhoiǆ de l’ĠĐhelle spatiale. Le degƌĠ de ƌaƌetĠ peut ġtƌe 
évalué au niveau local, régional ou national en fonction des objectifs recherchés, à condition de 
possĠdeƌ des doŶŶĠes suƌ l’eŶseŵďle de la zoŶe ĐoŶsidĠƌĠe. Elle ĐoŵďiŶe aiŶsi ƌaƌetĠ a pƌioƌi et a 
posteriori.  
L’utilisatioŶ de la ƌaƌetĠ des espğĐes est utile eŶ ďiologie de la ĐoŶseƌvation. La présence de ces 
espèces au sein des milieux étudiés traduit généralement un bon état de conservation (Siitonen et 
Saaristo, 2000). Elles participent activement au ďoŶ foŶĐtioŶŶeŵeŶt de l’ĠĐosǇstğŵe ;LǇoŶs et al., 
2005). Les espèces rares a priori sont généralement dépendantes de niveaux trophiques élevés, qui 
ne se retrouvent que peu ou pas dans les systèmes dégradés. En forêt, cela correspond aux forts 
voluŵes de ďois ŵoƌts et deŶdƌoŵiĐƌohaďitats, aiŶsi Ƌu’à leur diversité (cf Chapitre III). Cependant, 
Đe ƌaisoŶŶeŵeŶt Ŷ’est pas appliĐaďle à l’appƌoĐhe a posteƌioƌi de la ƌaƌetĠ. On peut par exemple se 
retrouver dans un cas de figure de zone forestière en bon état de conservation, où des espèces 
dĠpeŶdaŶtes de hauts Ŷiveauǆ tƌophiƋues d’haďitat voŶt ġtre contactées en nombre, et ne pas être 
ĐoŶsidĠƌĠes eŶ taŶt Ƌu’espğĐes ƌaƌes. Les espğĐes ƌaƌes aloƌs dĠteĐtĠes pouƌƌoŶt aloƌs ġtƌe des 
espğĐes ͚touƌistes’ Ƌui Ŷ’oŶt auĐuŶe ƌelatioŶ aveĐ le ŵilieu ĠtudiĠ, des espğĐes ĐoŵŵuŶes 
dépendantes de bois fraichement mort et ensoleillé (compartiment rare dans les stades terminaux 
de la sylvigenèse, mais commun dans les stades initiaux) des espèces difficilement détectables avec 
la méthodologie employée (Horak et al., 2013) ou des espèces effectivement rares a priori et 
contactées en faible nombre.  
 
L’appƌoĐhe de la ƌaƌetĠ a posteriori seule Ŷ’est à ŵoŶ seŶs pas Đoŵpatiďle aveĐ uŶe appƌoĐhe de la 
conservation. En effet, les espèces spécialistes du milieu sont à privilégier pour la conservation, 
plutôt que les espèces peu ĠĐhaŶtilloŶŶĠes pouƌ d’autƌes ƌaisoŶs. De futuƌes Ġtudes devƌaieŶt 
comparer les conclusions obtenues pour un même jeu de données comparant zone préservée et 
zone exploitée avec un focus sur les espèces rares en utilisant les deux méthodes de caractérisation.  
 
II.͹) Recherche d’espèces cibles 
AĐtuelleŵeŶt, l’ĠvaluatioŶ de la valeuƌ patƌiŵoŶiale des foƌġts ;i.e de leur intérêt de conservation) 
s’effeĐtue de plusieuƌs ŵaŶiğƌes. L’uŶe d’elles est l’utilisatioŶ des ĐolĠoptğƌes sapƌoǆǇliƋues Đoŵŵe 
groupe indicateur. Cette approche a été facilitée par les travaux de Brustel, (2001) qui a défini une 
liste de 300 espèces indicatrices de la valeur patrimoniale des forêts de France. Ces espèces sont 
doŶĐ pƌioƌitaiƌeŵeŶt ƌeĐheƌĐhĠes loƌsƋue l’ĠvaluatioŶ du ŵilieu au ŵoǇeŶ des ĐolĠoptğƌes 
saproxyliques est menée. De manière standard, ces prospections sont conduites sur trois ans, avec 
uŶ Ŷoŵďƌe vaƌiaďle des piğges à iŶteƌĐeptioŶ, eŶ foŶĐtioŶ des ŵoǇeŶs allouĠs à l’Ġtude (Nageleisen 
et Bouget, 2009). Ces espèces indicatrices de la qualité du milieu sont généralement des espèces 
rares. De par leur nature, elles vont être difficiles à contacter, et peuvent nécessiter la mise en place 
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de techniques dédiées (Gouix et Brustel, 2012Ϳ. DaŶs Đe Đas pƌĠĐis, l’ĠvaluatioŶ de la pƌessioŶ 
d’ĠĐhaŶtilloŶŶage à fouƌŶiƌ pouƌ avoiƌ ϵϬ% de ĐhaŶĐe de ĐoŶtaĐteƌ l’espğĐe a ĠtĠ ŵeŶĠ. Cette 
information est particulièrement utile pour le gestionnaire et le conservateur de la forêt. Une telle 
démarche entreprise à titre exploratoire pour les espèces indicatrices de la valeur patrimoniale des 
forêts a été menée (Annexe 2), et ŵĠƌite d’ġtƌe appƌofoŶdie.  
 
II.4) L’outil génétique, nouvel allié de l’entomologiste ? 
La phase de laďoƌatoiƌe ŶĠĐessaiƌe à l’ideŶtifiĐatioŶ de ĐhaĐuŶ des iŶdividus à l’ĠĐhelle de l’espğĐe 
est chronophage et demande une bonne connaissance de la taxinomie des groupes étudiés, ainsi que 
l’aĐĐğs à de la ďiďliogƌaphie paƌfois ƌaƌe. L’utilisatioŶ de ŵoǇeŶs pouƌ siŵplifieƌ Đette tâĐhe a ĠtĠ 
envisagée (Sebek et al., 2012).  
Actuellement, les progrès des outils génétiques permettent de séquencer rapidement et à moindre 
coût du matériel biologiƋue. UŶe teĐhŶiƋue eŶ paƌtiĐulieƌ peƌŵet d’oďteŶiƌ uŶe liste de ͚Đode-ďaƌƌes’ 
à paƌtiƌ d’uŶ ĠĐhaŶtilloŶ de ŵilieu Ŷatuƌel ;eau, teƌƌeͿ ;Yu et al., 2012). Les codes-barres obtenus 
ĐoƌƌespoŶdeŶt à autaŶt d’espğĐes Ƌui ĠtaieŶt pƌĠseŶte daŶs l’ĠĐhaŶtilloŶ tƌaité. Il est ainsi possible 
d’estiŵeƌ la ƌiĐhesse spĠĐifiƋue des ŵilieuǆ ĠĐhaŶtilloŶŶĠs paƌ Đette ŵĠthode. CepeŶdaŶt, les Đodes-
ďaƌƌes seuls Ŷe soŶt pas d’uŶe gƌaŶde utilitĠ, puisƋu’ils Ŷe ƌĠvğleŶt pas diƌeĐteŵeŶt l’ideŶtitĠ de 
l’espğĐe ĐoŶsidĠƌĠe. Il faut pour cela mener un travail de construction de bibliothèques de 
références, en effectuant la procédure de création de code barre pour des échantillons de référence. 
Une fois cette bibliothèque créée, les codes-barres issus des échantillons pourront être rattachés à 
des espğĐes. Les doŶŶĠes gĠŶĠƌĠes paƌ Đe ŵoǇeŶ peƌŵetteŶt de s’affƌaŶĐhiƌ de l’ideŶtifiĐatioŶ 
iŶdividuelle des spĠĐiŵeŶs. La ĐƌĠatioŶ d’uŶe ďiďliothğƋue de ƌĠfĠƌeŶĐe est aĐtuelleŵeŶt eŶ Đouƌs 
pouƌ les ĐolĠoptğƌes de FƌaŶĐe et d’Euƌope, aveĐ uŶ focus sur les espèces saproxyliques (Rougerie et 
al., under review ; Annexe 5).  
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Chapitre III : Impacts locaux des éléments de la TTVB 
 
Ce Đhapitƌe se divise eŶ deuǆ paƌties. Nous eǆploƌoŶs daŶs uŶ pƌeŵieƌ teŵps l’effet des ƌĠseƌves 
forestières et des ilots de vieillissement sur la modification des caractéristiques de stocks de bois 
ŵoƌt et deŶdƌoŵiĐƌohaďitats, et l’iŶflueŶĐe Ƌue Đela a sur les assemblages de coléoptères 
sapƌoǆǇliƋues. DaŶs uŶ deuǆiğŵe teŵps, l’ĠvaluatioŶ de la ĐoŶtƌiďutioŶ d’uŶe stƌuĐtuƌe ŶoŶ 
forestière de la TTVB à la conservation des coléoptères saproxyliques est menée.  
Publications associées à ce chapitre: Articles 3 ; 4 ; 5 et 6 (cf Tableau 2). 
 
Partie I : Réserves forestières et ilots de vieux bois  
Les éléments forestiers de la TTVB sont constitués par les réserves forestières, les ilots de vieux bois 
et les arbres habitats. Le principe de fonctionnement écologique de ces mesures est lié à une gestion 
reposant sur la non-iŶteƌveŶtioŶ, ou le ƌetaƌdeŵeŶt de la phase d’eǆploitatioŶ. DaŶs les zoŶes 
laissées en libre évolution, la reprise du cycle sylvigénétique sera amorcée. Les phases terminales du 
cycle pourront alors s’effeĐtueƌ, et les ĐoŵpaƌtiŵeŶts affeĐtĠs paƌ l’eǆploitatioŶ foƌestiğƌe se 
reconstituer. Dans les zones où le ĐǇĐle d’eǆploitatioŶ est ƌalloŶgĠ, la totalitĠ des ĐoŵpaƌtiŵeŶts Ŷe 
seƌa pas ƌestauƌĠe, Đaƌ l’eǆploitatioŶ fiŶale est ŵaiŶteŶue. CepeŶdaŶt, Đeƌtains compartiments 
Đoŵŵe le voluŵe d’aƌďƌes de tƌğs gƌos diaŵğtƌe ou uŶe paƌtie des deŶdƌoŵiĐrohabitats pourraient 
être positivement affectés.  
L’ideŶtifiĐatioŶ des stƌuĐtuƌes les plus favoƌaďles à la diveƌsitĠ des ĐolĠoptğƌes sapƌoǆǇliƋues seŵďle 
dépendante des ĐoŶteǆtes ĐoŶsidĠƌĠs. EŶ ŵilieuǆ ďoƌĠauǆ, d’iŵpoƌtaŶts voluŵes de ďois ŵoƌt 
semblent être la clé de la conservation de la majorité des espèces (Lassauce et al., 2011). Au 
contraire, en milieu tempéré, le volume de bois mort a une importance moindre par rapport aux 
deŶdƌoŵiĐƌohaďitats. La vitesse de ƌestauƌatioŶ du ŵilieu suite à l’eǆploitatioŶ du ŵilieu a ĠtĠ 
évaluée dans plusieurs contextes, particulièrement au regard du compartiment des 
dendromicrohabitats (Larrieu, 2014). Il est primordial de caractériser précisément quelles vont être 
les structures clés pour la conservation de la biodiversité des coléoptères saproxyliques.  
Nous avons entrepris à travers trois études la caractérisation (i) des compartiments bois mort et 
dendromicrohabitats les plus favorables aux coléoptères saproxyliques ; (ii) de l’ĠvolutioŶ de leuƌ 
ƋuaŶtitĠ eŶ foŶĐtioŶ de la duƌĠe de ŶoŶ eǆploitatioŶ ou d’alloŶgeŵeŶt du ĐǇĐle sǇlviĐole ; (iii) de la 
réponse des assemblages de coléoptères saproxyliques à ces modifications de milieu.  
Nous avoŶs ŵis eŶ ĠvideŶĐe l’iŵpaĐt positif des ŵĠthodes d’aƌƌġt d’eǆploitatioŶ pouƌ la 
reconstitution des stocks et des structures caractéristiques des stades avancés de la sylvigenèse (bois 
ŵoƌt, deŶdƌoŵiĐƌohaďitatsͿ. EŶ paƌallğle, les Đoƌtğges d’espèces saproxyliques ne répondent que 
faiblement à cette modification de milieu sur le court terme. Différentes hypothèses sont avancées 
pouƌ eǆpliƋueƌ Đette ĐoŶstatatioŶ. EŶfiŶ, le ƌalloŶgeŵeŶt de ĐǇĐle d’eǆploitatioŶ tout eŶ ŵaiŶteŶaŶt 
les activités sylvicoles Ŷe seŵďle avoiƌ d’effet Ƌue pouƌ les ĐaƌaĐtĠƌistiƋues stƌuĐtuƌelles du ŵilieu 
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liĠes auǆ aƌďƌes vivaŶts. AuĐuŶ iŵpaĐt positif ou ŶĠgatif Ŷ’a ĠtĠ oďseƌvĠ ĐoŶĐeƌŶaŶt les ĐolĠoptğƌes 
saproxyliques.  
 
De nombreux paramètres restent encore mal connus comme paƌ eǆeŵple l’iŵpaĐt des ilots de 
vieillissement ou de plus longues durées de non exploitation sur la modification du milieu et la 
réaction des communautés de coléoptères saproxyliques.  
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Abstract 
The decline of many saproxylic species results from the decrease in old-growth structures in 
European harvested forests. Among conservation tools, protected reserves withdrawn from regular 
harvesting and extended rotations have been employed to restore old-growth attributes in 
structurally simplified managed forests, even if the effects of such management actions on forest 
habitats  and biodiversity remain largely unknown. 
In this study, we compared structural stand features and saproxylic beetle assemblages in 
two stand classes - recently harvested stands and long-established reserves, where less or more than 
thirty years had elapsed since last harvest. Habitat and saproxylic beetle data were collected 
according to standardized protocols in 153 plots in seven lowland deciduous forests. 
Tangible contrasts in stand features were found between long-established reserves and 
recently-harvested plots. Indeed, most higher-value densities and volumes were found in 
unharvested areas. The difference was weaker for microhabitat-bearing tree density than for 
deadwood; some deadwood features, such as volume of large downed and standing deadwood 
showed a very pronounced difference, thus indicating a marked deleterious effect of forest 
harvesting on these elements. Deadwood diversity, on the other hand, was only slightly affected and 
the level of stand openness did not change. 
The response of saproxylic beetles to delayed harvesting was weaker than the structural 
changes in deadwood features. Nevertheless, long-established reserves showed higher species 
richness and slightly but significantly dissimilar species assemblages than recently-harvested plots. 
Indeed even if only some guilds weakly increased in non-harvested plots, harvesting classes 
significantly affected the abundance of a quarter of the species tested. 
Our results tend to question measures such as rotating and temporarily ageing patches. We 
argue in favor of permanent strict fixed-location reserves. Future work should examine how stands 
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recover old-growth forest attributes and how the associated saproxylic fauna colonises in the long-
term. 
 
 
KeyWords: Delayed harvesting; forest reserves; temperate deciduous forests; insect biodiversity; 
deadwood; tree microhabitats 
 
Introduction 
European forest dynamics has been deeply affected by forestry and forest fragmentation for 
millennia (Peterken, 1996). Stand composition and structure have been greatly simplified by 
harvesting and other uses, even in remote areas. Several studies demonstrated the negative effects 
of conventional management practices on old-growth structures (e.g. Burascano et al., 2013; Green 
and Peterken 1997; Lombardi et al. 2008). Structural simplification has been shown to result in the 
decline of many associated saproxylic populations, but the issue has received more attention in 
North America and northern Europe than in central and southern Europe (e.g. Martikainen et al., 
2000; Grove, 2002).  
In forests subjected to structural simplification through harvesting, strategies to restore old-
growth attributes may involve (i) setting aside forest plots, (ii) extended rotations, (iii) retention of 
structural features at the time of harvest and (Keeton, 2006) (iv) man-made restoration of structural 
elements (Martikainen et al., 2000). In the last 20 years, there has been an increasing focus on 
systematic conservation planning, i.e. how to select protected areas in a way that captures 
biodiversity as efficiently as possible (e.g. Margules and Pressey, 2000). Protected forests include 
different protection categories and surface areas (Schmitt et al., 2009), and they are described 
ǁoƌldǁide iŶ ĐouŶtless ǁaǇs. Aƌeas ͚left foƌ Ŷatuƌal dǇŶaŵiĐs’ ĐaŶ ďe fouŶd iŶ seveƌal pƌoteĐtioŶ 
categories often as (so-called) strict forest reserves, where neither silvicultural intervention nor any 
other avoidable human impacts are allowed, but other denominations abound: wilderness areas, 
areas withdrawn from regular management, abandoned, unharvested, set-aside forest areas or 
unmanaged core areas in national parks. Among passive restoration strategies (Bauhus et al., 2009), 
small-scale management tools such as delaying harvesting, leaving unharvested patches or 
preserving habitat trees (Lachat and Bütler, 2009) have been employed to increase the number of 
old-growth structures in forests (Bauhus et al., 2009). Other examples include woodland-key-
habitats, green-tree retention patches left in clearcuts as short-term refuges or lifeboats for many 
organisms during the regeneration phase in Scandinavia and North America (e.g. Vanha-Majamaa 
and Jalonen, 2001, Aubry et al., 1999), ageing or old-growth patches kept as portions of management 
units in France (Lassauce et al., 2013). Despite an increase in the number of empirical studies 
concerning the effects of forest abandonment on species diversity (see Paillet et al., 2010), the 
relative efficiency of each management strategy in supporting biodiversity remains unknown. When 
harvesting activities are delayed for several decades, natural forest dynamics may bring about 
structural changes that restore old-growth attributes, depending on site potential (Vandekerkhove et 
al., 2009): larger trees, heterogeneous vertical and horizontal structure with greater variations in tree 
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size, age, spacing and species composition, increased supplies of deadwood, more large snags and 
fallen trees, multiple canopy layers, changes in disturbance regime, canopy gaps and understory 
patchiness. These structural changes have been recorded in several case studies (e.g. Lassauce et al., 
2012 and 2013, Sitzia et al., 2012) and may impact biodiversity. 
In this study, we compared the habitat parameters and the diversity of saproxylic beetles (i.e. 
abundance, species richness and composition) in set-aside and harvested areas in seven lowland 
deciduous French forests. The issues were addressed in two steps: (i) How were saproxylic habitat 
parameters, such as the diversity and density of deadwood and tree microhabitats, affected in long-
established set-aside plots compared with recently harvested plots? (ii) Did saproxylic beetle 
assemblages (incl. rare species) respond to these habitat changes? 
 
Material and methods 
Study areas 
The plots were located in seven lowland beech (Fagus sylvatica L.) and oak (Quercus robur L. 
and Q. petraea (Mattus.) Liebl.) forests (Tab. 1) in the Atlantic or Continental biogeographic domain. 
Each forest was several hundred kilometers from the others: one in western France (Chize), three in 
eastern France (Auberive, Citeaux, Combe-Lavaux), one in central France (Troncais) and two in 
northern France (Rambouillet, Fontainebleau). The plots in each forest were several hundred meters 
apart. A design of 153 plots was set up in managed stands (98) and in recently- (16) or long-
established (39) forest reserves. Managed forests were coppice-with-standards under conversion to 
high forest (33), even-aged (54) or uneven-aged (11) high forests (see Supplementary material). All 
plots were located in mature stands before regeneration felling or final cut. Last harvests consist of 
thinning operations in even-aged high forests and single tree removals in coppice-with-standards 
stands under conversion and uneven-aged high forests. The time elapsed from last harvest was 
postulated for each plot based on management plans, reports or information from local managers. 
Unlike Christensen et al. (2005), we did not derive the number of years since last harvest from the 
official establishment date of the reserves since these do not necessarily coincide. Because the time 
since last harvest was not precisely known in several cases, we classified the plots into two 
harvesting classes based on the best estimate of the length of time without harvesting or removal of 
tƌees aŶd deadǁood ;Taď. ϭͿ: ͚ƌeĐeŶtlǇ-haƌvested’ ;‘-HAR<30 years ago, n=114), including harvested 
plots (n=98) and recently-established reserves (n=16); or long-established reserves (L-UNH>30 yrs, 
n=39), including old (>30 yrs and <100yrs, n=30) and very old reserves (>100 yrs, n=9). Very old 
reserves were found in the Fontainebleau state forest only. We collected environmental and 
entomological data following standardized protocols. 
 
Beetle sampling and identification, species characterization 
Flying saproxylic beetles were sampled by two cross-vane flight interception traps 
(PolytrapTM) per plot, set about 20 m from each other, for a total number of 306 traps. The unbaited 
traps were suspended roughly 1.5 m above ground. Active insects were collected from April to 
August during one year. For each species in all the taxa from the ±50 families recorded, we 
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characterized degree of geographic rarity in France according to the FRISBEE database 
(http://frisbee.nogent.cemagref.fr/index.php/en/) and distinguished common (abundant and/or 
widely distributed) and rare (not abundant and only locally distributed) species. All species were 
assigned to one saproxylic trophic group, but only the four main guilds were studied 
(xylomycetophagous, xylophagous, saproxylophagous, zoophagous).  
 
Stand and deadwood variables 
We used a combination of fixed-area and fixed-angle techniques to estimate (i) wood 
volumes for live trees, snags, logs and stumps, and (ii) the basal area of live trees on 0.15ha 
(Fontainebleau, Auberive, Chize, Citeaux, Combe-Lavaux) or 0.30ha (Rambouillet, Troncais) plots. We 
set a minimum diameter of 7.5 cm for live trees, snags and logs.  
Four variables were used to describe the deadwood: tree species, diameter (6 classes: 5,10-
15, 20-25, 30-40, 50-65,  >70 cm), position (log, snag, stump), decay stage (9 classes adapted from 
Sippola et al. (1998) and Larjavaara and Muller-Landau (2010) and crossing 3 classes of remaining 
bark cover [from 95% of the stem still covered by attached bark to missing bark over the whole stem] 
aŶd ϯ Đlasses of iŶŶeƌ ǁood haƌdŶess assessed ďǇ ͞kŶife peŶetƌatioŶ test͟ [fƌoŵ haƌd outeƌ ǁood to 
deeply disintegrated and soft inner wood]). A deadwood diversity index was calculated as the 
number of observed deadwood types, i.e. the number of combinations of the above four variables 
(tree species*diameter class*decay class*position), as suggested by Siitonen et al. (2000).  The 
volume of live trees was calculated using wood volume tables based on the dbh variable, and used to 
estimate the deadwood volume ratio (=dead wood/(live + dead wood)), accounting for site 
productivity (Hahn and Christensen, 2004). Based on the deadwood surveys, we selected seven 
deadwood variables for analysis: (i) deadwood volume, (ii) deadwood volume ratio, (iii) number of 
deadwood types, (iv) standing deadwood volume, (v) large standing deadwood (diameter>40cm) 
volume, (vi) downed deadwood volume, and (vii) large downed deadwood (diameter>40cm) volume. 
The thresholds defining large deadwood, large and very large trees were inspired by results in Nilsson 
et al. (2003) and Larrieu and Cabanettes (2012).  
The ďasal aƌea of laƌge tƌees ;ϲϳ.ϱ<dďh чϴϳ.ϱ ĐŵͿ aŶd veƌǇ laƌge tƌees ;dďh>ϴϳ.ϱ ĐŵͿ ǁeƌe 
measured on 0.15-0.3ha plots; the density of large trees was also inventoried in 1-ha circular plots. 
Tree microhabitat densities were inventoried during leaf-burst in 1-ha circular plots centered around 
the two flight traps. We recorded seven microhabitat types borne by live trees (Larrieu and 
Cabanettes, 2012): (i) "empty" cavities, (ii) cavities with mould, (iii) fruiting bodies of saproxylic fungi, 
(iv) sap runs, (v) dead branches, (vi) tree crown deadwood, and (vii) missing bark (i.e. hard patches of 
wood with no bark > 600 cm² (see Tab. 2 for further details on predictors). Microhabitats other than 
crown deadwood were only recorded when visible on the trunk beneath and within the tree crown. 
Trees with more than one microhabitat of the same type were counted only once, but trees bearing 
more than one microhabitat type were counted once for each microhabitat type. The total density of 
microhabitats, the number of microhabitat types (among the 7 observed types) and the individual 
deŶsities of fouƌ ŵiĐƌohaďitat tǇpes ;͞eŵptǇ͟ aŶd ŵould Đavities pooled, dead ďƌaŶĐhes aŶd tƌee 
crown deadwood pooled, sporocarps of saproxylic fungi, and sap runs) were considered for analysis. 
Stand openness was assessed as the total proportion of open areas (clearings, edges, stand surface 
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with a well-developed herb layer composed of flowering plants) in a 1ha plot.  For further details on 
how the environmental variables were measured, see Bouget et al. (2013). 
 
Data analysis 
Our main objectives were to compare (i) stand structural characteristics and (ii) saproxylic 
beetle assemblages in the two stand classes (R-HAR and L-UNH) based on the amount of time 
elapsed since last harvest. Because the same set of environmental variables was used for both traps 
in the same plot, the catches of the two traps were combined prior to analyses carried out at the plot 
level. 
The differences in mean values of structural stand features between recently-harvested and 
long-established reserves were analyzed with a Generalized Gaussian or Poisson Linear Mixed Model 
ǁheƌe ͞foƌest͟ ǁas a spatiallǇ-implicit random effect on the intercept (lmer function in lme4 R-
package). 
To rank the effect of the harvesting variable among structural predictors of variations in 
common or rare species richness, we assessed the multi-model-averaged estimates (Burnham and 
Anderson 2002) determining the response of species richness to stand features. Since co-linearity 
among predictor variables may lead to unreliable parameter estimates, we implemented the strategy 
suggested by Zuur et al. (2010) to address multi-colinearity before model averaging. We sequentially 
dropped the covariate with the highest variance inflation factor (VIF), then recalculated the VIFs and 
repeated this process until all VIFs were below a pre-selected threshold (Zuur et al. (2010) suggest a 
Đutoff at ϯͿ. We used the ͞vif.ŵeƌ͟ fuŶĐtioŶ to ĐalĐulate VIFs foƌ liŶeaƌ ŵiǆed-effects models built 
using the lmeƌ fuŶĐtioŶ iŶ the ͞lŵeϰ″ paĐkage ;Taď. 2Ϳ. SiŶĐe the ƌelatioŶship ďetǁeeŶ speĐies 
richness and deadwood volumes is better described by semi-log models (Martikainen et al., 2000), 
we used (log x+1)-transformed values for deadwood volumes. The selected variables with VIF<3 
were: harvesting class, openness, basal area of very large trees (dbh>87.5cm), large tree 1ha-density, 
density of sap-run-bearing trees, of fungus-bearing trees, of cavity-bearing trees, of crown 
deadwood-bearing trees, number of microhabitat types, total deadwood volume, deadwood ratio, 
log10 (large downed deadwood volume), log10 (large standing deadwood volume) . For each 
response variable, we generated the null model and generalized linear mixed models (Poisson error 
structure) with all the combinations of two explanatory variables. Using the differences in the Akaike 
iŶfoƌŵatioŶ ĐƌiteƌioŶ ;AICĐͿ sĐoƌes ďetǁeeŶ eaĐh ŵodel aŶd the ďest ŵodel ;∆AICĐͿ as ǁell as the 
Akaike weights for each model, we calculated the model-averaged estimates., Only significant 
variables (p<0.10 across all the models) were displayed (lme4, MuMIn, arm; R-packages).  
To rank the effect of the harvesting variable among structural predictors on variations in 
species composition (including singletons), we performed a Canonical Analysis of Principal 
Coordinates (vegan R-package, CAP, Anderson and Willis 2003). Based on Jaccard distance matrices, 
we carried out inertia partitioning on all explanatory environmental variables, since co-linearity 
among predictor variables is not considered to be a problem in CAP. We calculated total constrained 
inertia, the marginal (intrinsic) inertia explained by each variable (with all other variables partialled 
out ďefoƌe aŶalǇsisͿ, the latteƌ’s statistiĐal sigŶifiĐaŶĐe ;peƌŵutatioŶ tests - 100 runs), and the 
relative contribution of each set of variables (deadwood, microhabitat, stand, forest, harvesting 
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class) to constrained inertia. In addition, we used a pairwise ANOSIM procedure based on Jaccard 
distance matrices to test for differences in assemblage composition among predefined groups with 
spatially-constrained permutation tests (Clarke, 1993); the grouping factor was the harvesting 
treatment, and the spatial constraint the forest.  
We also used a generalized linear mixed model, with a spatially-implicit variable (forest) as a 
random factor on the intercept and a Poisson error distribution, to analyze the differences between 
the two harvesting classes in i) mean abundance and richness per plot of rare or common species 
and trophic groups, and ii) mean abundance of selected species (more than 20 individuals caught and 
occurring in at least 10 out of the 153 plots in our dataset). Since we found a close correlation 
between total abundance and the number of beetle species recorded on a plot, we used the number 
of individuals as a covariate in the richness models (Gotelli and Colwell, 2001) to separate the effects 
on the number of individuals from species effects. To analyze differences in occurrence per plot of 
selected beetle species between the two harvesting classes, we used a Generalized Linear Mixed 
Model with a Binomial error structure aŶd ͞foƌest͟ as a spatial ƌaŶdoŵ effeĐt ;lŵeƌ fuŶĐtioŶ iŶ lŵeϰ 
R-package). In order to quantify the magnitude of significant differences between R-HAR and L-UNH 
treatments, we computed an index by dividing model estimates for each of the harvesting 
treatments (estimate L-UNH/ estimate R-HA‘Ϳ ǁith ͞foƌest͟ as a ƌaŶdoŵ faĐtoƌ.  
All analyses were conducted using R v2.12.0. All R-packages used are available online at 
http://cran.r-project.org/web/packages/available_packages_by_name.html. The ͞vif.ŵeƌ͟ fuŶĐtioŶ is 
available online at https://github.com/aufrank/R-hacks/blob/master/mer-utils.R. 
 
Results 
Overall, the compiled dataset included 99,383 individuals in 476 beetle species (25 taxa 
identified at the genus level only), among which 377 common, 69 rare (15% of the total number) and 
30 species with an undefined rarity status were recorded.  
 
1. Habitat parameters in recently-harvested plots vs long-established reserves 
Significant differences in stand features (deadwood, micro-habitat, large trees, openness) 
were measured between long-established reserves (L-UNH) and recently-harvested plots (R-HAR) 
(Tab. 2). Values for deadwood (deadwood volume, deadwood ratio, number of deadwood types, 
downed deadwood volume, large standing deadwood volume, standing deadwood volume, large 
standing deadwood volume), and microhabitats (density of microhabitat-bearing trees, number of 
microhabitat types, density of cavity-bearing trees, density of deadwood-bearing trees, density of 
fungus-bearing trees) and large tree characteristics (basal area of large trees and very large trees, 
density of large trees) were always considerably higher in long-established reserves than in recently-
harvested plots. Deadwood diversity was only slightly, though significantly, higher in long-established 
reserves. Only the density of sap-run-bearing trees and openness values remained significantly 
unaffected by the harvesting class.  
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The magnitude of the differences between R-HAR and L-UNH plots was even more 
pronounced with respect to certain deadwood features. These differences were characterized by a 
high relative increase from R-HAR to L-UNH i.e. the ratio dividing estimates in L-UNH by R-HAR for 
four variables: large downed deadwood volume (estimate ratio=8.97); large standing deadwood 
volume (estimate ratio =8.79); standing deadwood volume (estimate ratio =4.84); basal area of very 
large trees (estimate ratio =4.80). This indicates a strong negative effect of forest harvesting on those 
attributes. According to the estimate ratio, the differences measured between long-established 
reserves and recently-harvested plots were even more pronounced for large deadwood volumes 
than for large tree characteristics. Microhabitat features were not as impacted as were deadwood 
and stand features by the harvesting class (Tab. 2).  
 
2. Saproxylic beetle diversity in recently-harvested plots vs long-established reserves 
Species composition 
Variations in total inertia of saproxylic beetle assemblages were explained by geographical 
(35.0%), deadwood (9.0%), microhabitats (8.8%) and stand structural characteristics (7.0%) (Tab. 3). 
Only openness, microhabitat diversity, deadwood ratio and deadwood diversity had a significant 
(p<0.05), though marginal, contribution to variations in species composition. As along with the 
density of fungus-bearing trees and large standing deadwood volume, the class of time elapsed since 
harvesting showed a non-significant trend (p<0.1), accounting for only 1.7% of the constrained 
inertia. A spatially-constrained ANOSIM test also showed slightly, but significantly, dissimilar species 
assemblages between the harvesting classes (1000 permutations, R: 0.168; Significance: 0.002). 
Species richness 
The class of time elapsed since harvesting was not a key variable for saproxylic beetle species 
richness; it ranked fifth in explanatory value among the twelve structural stand features, and was 
only slightly significant (Tab. 4). Long-established reserves however showed a higher saproxylic 
beetle species richness than recently-harvested plots (Tab. 4). The best models for both rare and 
common species were the number of deadwood types and openness, and the best for common 
species was deadwood volume ratio.  
Guild composition 
The abundance of common and xylophagous species was significantly lower in long-
established reserves than in recently-harvested plots. Zoophagous species abundance was not 
sensitive to the harvesting class. In contrast, mycophagous, saproxylophagous and rare species were 
more abundant in long-established reserves. The number of mycophagous, zoophagous, and 
common species per plot, after accounting for abundance, was slightly, but significantly, higher in 
long-established reserves. For saproxylophagous, xylophagous and rare species, no significant 
difference in species richness was observed between harvesting classes (Tab. 5).  
Individual species responses 
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At the individual species level, about 25% (n = 39.) of the tested species had a significant 
response in abundance to the harvesting class. The same proportion of significantly responding 
species occurred in both harvesting classes: half of the species were significantly more abundant in 
recently-harvested plots, and half were significantly more abundant in long-established reserves. 
Two rare taxa were included among the species responding positively to long-established reserves 
(none were found in recently-harvested plots; Tab. 6).  
 
 
Discussion 
Changes in stand structure induced by non-harvesting 
In long-established reserves (i.e. plots set-aside for at least 30 years) originating from 
managed stands, we measured tangible contrasts in stand characteristics compared with recently-
harvested plots. Indeed, most of the stand characteristics we studied displayed higher volume and 
density values in long-established set-asides than in recently harvested areas. 
More than 30 years without harvesting allowed the deadwood volumes to increase 
significantly. Vandekerkhove et al. (2005) already showed that deadwood can accumulate quite fast 
in forest reserves, especially in terms of density. In abandoned beech forests in Germany, Meyer and 
Schmidt (2011) indicated a rather fast relative increase in deadwood volume: total deadwood 
doubled in about 9 years (standing deadwood in 7 years). Such figures are probably dependent on 
dominant tree species, soil fertility and the silvicultural stage of the stand at the time it was set aside. 
Several other studies found a similarly significant increase in deadwood volume in long-unharvested 
stands compared with managed ones (Kirby et al., 1991; Sippola et al., 1998; Motta et al., 2010; 
Calamini et al., 2011), or at least for coarse woody debris (Boncina, 2000; Marage and Lemperiere, 
2005; Sitzia et al., 2012). Timonen et al. (2011) also demonstrated that deadwood volumes are higher 
in woodland key habitats than in managed stands. 
However, we showed that deadwood diversity only increased slightly in long-established 
reserves (partly due to the lack of large-diameter logs in late decay stages). Nonetheless, in the data 
compiled by Timonen et al., (2011), deadwood diversity was much higher in woodland key habitats 
compared with managed stands, probably partly due to an initial selection effect, i.e. deadwood in 
the selected plots when they were selected as set asides or as key habitats.  
The difference between long-established reserves and recently-managed plots may be more 
pronounced with respect to certain deadwood qualities, as suggested by Siitonen et al. (2000). In 
their Finnish study in spruce forests, large dead coniferous and deciduous trees were respectively 25 
and 35 times more abundant on average, in unharvested plots than in recently-harvested stands. 
Accordingly, we found a strong impact of harvesting on large dead wood (downed and standing), 
with a ninefold increase in large deadwood when harvesting is delayed for at least 30 years. This 
increase in large deadwood was twice as high as for total deadwood volume. Boncina (2000) and 
Meyer and Schmidt (2011) also found a rapid accumulation of standing deadwood from unmanaged 
to managed stands.  
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Nonetheless, more deadwood was found in longer-established beech reserves (Christensen 
et al., 2005), and in 60-year-old over-mature French coppices compared to 20-year-old mature 
coppice (Lassauce et al., 2012). Vandekerkhove et al. (2009) argued that full natural restoration of 
deadwood characteristics (with virgin forests in Central Europe as a reference) may be quite long. 
Furthermore, Larrieu et al. (2012) showed that a 50-year period of non-intervention was too short to 
develop complete stand maturity in beech-fir stands, even in highly productivity contexts. 
Like Bauhus et al. (2009), we were able to detect a list of structural elements (deadwood, 
microhabitats, large trees) which become significantly more frequent in unharvested stands. We also 
showed, in accordance with the results simulated by Ball et al. (1999), that the increase in 
microhabitat-bearing tree density was weaker than the increase in deadwood density. Reaching high 
levels of microhabitat density requires time, since the probability of microhabitat occurrence or the 
number of microhabitat types increases with tree diameter (e.g. Larrieu et al., 2012). In a simulation 
model, Ranius et al. (2009) pointed out the importance of tree age for cavity formation on trees (see 
also empirical data in Gibbons et al., 2010). Furthermore, Fan et al. (2003 and 2005) showed a higher 
frequency of cavity trees in 120-year-old forests than in younger stands, and in old-growth than in 
managed stands (like Bauhus et al., 2009). In our results, a slightly higher density of cavity-bearing 
trees was measured in long-established reserves than in recently-harvested plots. 
Across our sampling design, long-established reserves and recently-harvested forests did not 
differ in terms of stand openness, since the stands were too young to be significantly impacted by 
canopy gap dynamics. Gap dynamics is known to increase average sun exposure in old-growth forests 
compared with managed stands (Rugani et al., 2013), and open forest habitats are required by a 
large number of specialized saproxylic species (Vodka et al. 2009). 
 
Effect of non-harvesting on saproxylic beetle assemblages 
In our study, the effect of non-harvesting on biodiversity was slightly significant. The class of 
time elapsed since harvesting seemed to be important for 25% of the tested species, but was not as 
important a variable as structural parameters for saproxylic beetle assemblages in our data. Some 
guilds and groups were positively influenced by non-harvesting (mycophagous abundance and 
richness, saproxylophagous and rare species abundance), but the relationship was weak and clearly 
had less impact than deadwood features (see Tab. 2 and Tab. 4). Many saproxylic species may simply 
require a small amount of dead wood that is also available in managed forests. Or structural changes 
in stand characteristics may occur more quickly than the response of saproxylic organisms. Delayed 
responses by saproxylic beetle communities may be due to the limited ability, at least for old-growth 
forest specialists, to ĐoloŶize favouƌaďle suďstƌates ;dispeƌsal, haďitat deteĐtioŶ…Ϳ aŶd theiƌ deŶsitǇ-
dependence in the colonization process. Local assemblages may be deeply affected over the long 
term by historical deadwood supplies (Hanski and Ovaskainen, 2002). Furthermore, population levels 
must reach minimum thresholds for species to be detected. This interpretation is reflected in our 
study: the two most typically influential variables for saproxylic beetle richness – deadwood diversity 
and openness – did not respond strongly to more than 30 years without harvesting. Yet, deadwood 
diversity has been recognized as a key factor for saproxylic beetle diversity in temperate deciduous 
forests (Bouget et al., 2013) and other studies based on similar time frames have demonstrated 
significant responses of saproxylic beetle diversity to setting aside forest areas (Timonen et al., 2011; 
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Lassauce et al., 2013). However, Horák et al. (2012) raised the question of the status of the rare 
species pool, deeply affected by commercial forestry in European multi-secular managed forests. In 
our study (Tab. 5), rare species were more abundant (but not more species-rich) in forest reserves 
than in managed plots (in agreement with previous results by Lassauce et al., 2013 and Hardersen, 
2003 in Germany). We therefore hypothesize (i) that set-aside areas may act as incubators for rare 
species found in neighboring managed areas, or (ii) that forest management reduces the amount of 
habitats available to rare species and therefore their populations, without leading them to disappear 
or (iii) that most rare species have disappeared and only populations of a few surviving species 
increase with the amount of dead wood. To address these questions, it would be helpful to use very 
old reserves as references for species distribution and abundance. Considering the short set aside 
period in our study, saproxylic beetle assemblages were probably strongly influenced by both initial 
forest conditions (pre-eǆistiŶg laƌge tƌees, ďeetle asseŵďlages…Ϳ aŶd the spatial isolation of the plots. 
The comparison between managed stands and set-asides should be deepened and a long-term 
monitoring strategy put in place (Djupström et al., 2008).  
 
Implications for forest management 
Extended rotations, harvesting delays and reserves as conservation tools 
In French forests, temporarily setting aside overmature stands before final harvesting, i.e. 
creating ageing and rotating islands (Lassauce et al. 2013), is one of the management tools proposed 
to maintain saproxylic biodiversity associated with old successional stages. This approach aims to 
conciliate both timber production and biodiversity conservation goals. Larger trees generally have 
higher economic value while older stands have higher ecological value. We have shown that even a 
short delay in harvesting (minimum 30 years) induced significant changes in habitat conditions for 
saproxylic beetles, but only slightly affected saproxylic beetle assemblages. Further studies with 
longer harvesting delays would be necessary to analyse biodiversity responses. If longer-term habitat 
continuity is necessary for saproxylic beetle conservation, our results suggest that definitive strict 
fixed-location reserves should be favored over rotating and temporary set-asides. Moreover, the 
efficiency of ageing patches as temporary ecological sinks or sources has yet to be properly 
investigated. 
 
Limits of management relinquishment and non-intervention: towards active restoration techniques? 
Passive self-restoration of old-growth features through the abandonment of forest activities 
in harvestable deciduous stands takes time, at least for some features crucial for species 
ĐoŶseƌvatioŶ ;laƌge deadǁood, tƌee ŵiĐƌohaďitats…Ϳ. Theƌefoƌe, ĐoŵpleŵeŶtary active restoration 
techniques may be suggested to enhance the recruitment and accumulation of new substrates in 
conservation areas. Keeton (2006) showed that, in conventional silvicultural systems, active 
restoration is more successful in creating old-growth features than is delaying harvesting. For 
instance, standing dead trees, large downed deadwood and tree cavities can be artificially generated 
using cost-effective techniques like girdling trees, felling or pulling down large trees to be left on the 
forest floor and mechanically damaging tree trunks (with or without fungus inoculation). Costlier 
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experiments with extreme habitat restoration have even been carried out in Italy (e.g. Cavalli and 
Donini, 2005). Active restoration requires an in-depth understanding of natural habitats to avoid 
structures inappropriate to local biodiversity; Jonsell et al. (2004), for example, have underlined the 
differences between man-made and natural deadwood habitats. In any case, since most endangered 
saproxylic species have limited dispersal ability (e.g. Buse, 2012), the proper spatial distribution of 
created substrates is a prerequisite for effective restoration programs. The ecological impacts of 
active restoration techniques on biodiversity, but also on potential bark beetle outbreaks, should be 
monitored (Toivanen and Kotiaho, 2010). Thus said, active techniques should at least be considered 
when the restoration process must achieve the desired forest state within a relatively short time or 
when the species at stake are threatened by external factors. 
 
Conclusions 
Our results did not strongly support recommendations about extended rotations and reserve 
conservation in favor of saproxylic biodiversity. The rationale behind it would probably benefit from 
further studies in very old forest reserves, although they are scarce in Western Europe. In one of the 
study forests (Fontainebleau), despite a limited and unbalanced sampling design, we divided the 
class of long-established reserves into old (>30 yrs, n=3) and very old (>100 yrs, n=9) reserves. From 
our exploratory analysis, the deadwood volume and diversity, the total beetle species richness, the 
rare species richness or abundance were not significantly higher in the older class. This trend 
deserves to be assessed by other case studies. 
Forest areas left unharvested for more than 30 years show an accumulation of old-growth 
structures related to deadwood volumes and microhabitat diversity, but not deep changes in 
saproxylic beetle diversity. Restoring the old-growth-dependent community as a whole seems even 
slower than restoring these structural features. As suggested by Paillet et al. (2010), future work 
should examine the temporal effect of delayed harvesting at multiple time points on the same study 
area in order to evaluate, using a regression approach with the detailed time elapsed since 
harvesting, (i) how stands recover old-growth forest attributes and (ii) how the associated saproxylic 
fauna colonize these set-asides in the long-term. 
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Table. 1: Sampling design layout. Among L-UNH long-established reserves, old (>30 yrs) and 
very old reserves (>100 yrs) were not tested separately due to the small number of replicates 
available in the latter category. Managed plots and recently-established reserves are grouped in R-
HAR. Sampling year between brackets. 
 
 beech oak 
Total  R-HAR <30 
yrs 
L-UNH > 30yrs R-HAR <30 
yrs 
L-UNH > 30yrs 
 30-100 yrs > 100yrs 30-100 yrs > 100yrs 
Auberive [2009] 11 4  7 2  24 
Chize [2010] 10 2  12   24 
Citeaux [2010]    6 6  12 
Combe-Lavaux  
[2010] 
3 2  1 2  8 
Fontainebleau  
[2008] 
5 3 9 7   24 
Rambouillet  [2007]    24 6  30 
Troncais  [2009]    28 3  31 
Total 29 11 9 85 19 0 153 
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Table 2: Effect of the harvesting class on stand characteristics (deadwood, micro-habitat, large trees, openness). Stands were classified as recently-managed 
(R-HAR <30 yrs ago) or long-established reserves (L-UNH > 30yrs ago). Differences in stand features between the two harvesting classes were tested with a 
linear mixed model (NS= not significant; * 0.05>p>0.01; ** 0.05>p>0.001; *** p<0.001). Ratio = ratio dividing estimates of L-UNH by R-HAR (see Material 
and Methods). (s.e. between parentheses) 
 Factor Detail signif Est R-HAR Est L-UNH ratio 
Error distribution 
family 
Stand features 
Basal area of large trees 
Basal aƌea of laƌge tƌees iŶ a Ϭ.ϯha plot ;ϲϳ.ϱ<dďh чϴϳ.ϱ 
cm) (m²/ha) 
*** 
2.957 
(1.579) 
7.198 (1.663) 2.43 gaussian 
Basal area of very large trees 
Basal area of the very large trees in a 0.3ha plot 
(dbh>87.5 cm) (m²/ha) 
*** 
0.501 
(0.591) 
2.405 (0.628) 4.80 gaussian 
Density of large trees Number of large trees in a 1ha plot (dbh>67. 5cm) *** 
1.389 
(0.487) 
2.116 (0.487) 1.52 poisson 
Openness 
Proportion in cumulative area of open areas (clearings, 
edges, areas with a well developed herb layer composed 
of flowering plants) (%) in a circular 1ha plot 
NS 
12.490 
(5.188) 
11.667 (5.962)  gaussian 
MH features 
Density of microhabitat-bearing trees Total density of microhabitat-bearing trees in a 1ha plot *** 
2.647 
(0.129) 
3.046 (0.131) 1.15 poisson 
Number of microhabitat types Number of microhabitat types in a 1ha plot ** 
1.468 
(0.061) 
1.702 (0.070) 1.16 poisson 
Density of cavity-bearing trees 
Density of cavity-bearing trees in a 1ha plot: "empty" 
cavities with an entrance above 3 cm in width, 
woodpecker breeding and feeding holes, deep cavities 
formed between roots, cavities with mould with an 
entrance above 10 cm in width 
*** 
1.620 
(0.093) 
2.208 (0.098) 1.36 poisson 
Density of fungus-bearing trees 
Density of fungus-bearing trees in a 1ha plot: fruiting 
bodies of tough or pulpy saproxylic fungi, >5cm in 
diameter, 
*** 
0.397 
(0.203) 
0.458 (0.208) 1.15 poisson 
Density of deadwood-bearing trees Density of deadwood-bearing trees a 1ha plot: crown 
deadwood in (large dead branches > 20 cm in diameter 
** 
1.624 
1.824 (0.278) 1.12 poisson 
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and > 1 m in length, crown deadwood volume > 20% of 
the total crown wood volume) 
(0.276) 
Density of sap-run-bearing trees 
Density of sap-run-bearing trees: sap runs > 10 cm in 
length in a 1ha plot 
NS 
-1.142 
(0.327) 
-1.359 (0.394)  poisson 
DW features 
Deadwood volume Total volume of deadwood in a 0.3ha plot (m3/ha) *** 
22.677 
(9.539) 
79.976 
(10.992) 
3.53 gaussian 
Deadwood ratio Volume ratio=deadwood /(Live trees+deadwood) *** 
0.099 
(0.025) 
0.225 (0.030) 2.27 gaussian 
Large downed deadwood volume 
Volume of large downed deadwood (>40 cm in diameter) 
in a 0.3ha plot (m3/ha) 
*** 
3.052 
(4.029) 
27.387 (4.875) 8.97 gaussian 
Large standing deadwood volume 
Volume of large standing deadwood (> 40 cm in 
diameter)) in a 0.3ha plot (m3/ha) 
*** 
2.123 
(3.067) 
18.658 (3.701) 8.79 gaussian 
Standing deadwood volume 
Volume of standing deadwood (>10 cm in diameter) in a 
0.3ha plot (m3/ha) 
*** 
4.529 
(2.811) 
21.910 (3.572) 4.84 gaussian 
Downed deadwood volume 
Volume of downed deadwood (>10 cm in diameter) in a 
0.3ha plot (m3/ha) 
*** 
16.791 
(7.487) 
57.373 (8.684) 3.42 gaussian 
Number of deadwood types 
Nb deadwood types (tree 
species*diameter*decay*position) 
** 
2.400 
(0.243) 
2.559 (0.245) 1.07 poisson 
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Table 3. Ranked effect of the harvesting class among structural and spatial predictors on variations in 
species composition. Canonical Analysis of Principal coordinates (CAP) used to partition the variation 
in the response species-plot matrix with respect to the combination of explanatory stand features 
(deadwood, microhabitat, large trees, openness); %CI: relative contribution to constrained inertia 
Significance of marginal contribution to inertia: ° 0.1>p>0.05; * 0.05>p>0.01; ** 0.01>p>0.001 
 
 Predictors 
Cumulated 
marginal 
inertia 
%IC 
Spatial Forest** 7.348 34.97% 
Set-
aside 
Harvesting class° 0.357 1.699% 
Stand 
Basal area of large trees, Basal area of 
very large trees, Density of large trees, 
Openness** 
1.475 7.019% 
MH 
Total density of microhabitats, Number 
of microhabitat types*, Density of 
cavity-bearing trees, of fungus-bearing 
trees°, of deadwood-bearing trees, of 
sap-run-bearing trees 
1.863 8.866% 
DW 
log10 (Total volume deadwood), 
Deadwood ratio*, log10 (large downed 
deadwood volume), log10 (large 
standing deadwood volume)°, log10 
(downed deadwood volume), log10 
(standing deadwood volume), Number 
of deadwood types* 
1.899 9.041% 
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Table 4. Ranked effect of the harvesting class among structural predictors on variations in species 
richness. Multi-model averaged estimates for structural stand features (deadwood, microhabitats, 
large trees, openness) and harvesting class determining the response of saproxylic beetle species 
richness (rare, common). Relative importance is the weight of evidence for each parameter across all 
the best models combining several variables (mixed-effect models, with forest as a random effect). 
Only significant variables (° 0.1>p>0.05; * 0.05>p>0.01; ** 0.01>p>0.001; *** p<0.001) were 
selected. 
 
  Variable    
species 
richness 
variable 
Model-
averaged 
estimate 
(significance) 
Relative 
contribution 
Best models (DeltaAICc<3) 
Rare 
1.Number of 
deadwood types 
1.48 *** 0.93 
divDW+open AICc=596.8 
2. Openness 0.81 ** 0.65 
Common 
1.Openness 10.02 *** 1.00 
open+ratio 
divDW +open 
AICc=1166.7 
AICc=1167.0 
2.Deadwood ratio 6.53 *** 0.51 
3.Number of 
deadwood types 
10.81 *** 0.45 
4. Harvesting class 3.92 ° 0.01 
5. Density of cavity-
bearing trees 
3.70 ° 0.01 
6. log10 (Volume of 
large downed 
deadwood) 
3.70 ° 0.01 
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Table 5. Values of the estimates (s.e. between parentheses) from generalized linear mixed effect 
models with a Poisson error distribution for abundance and richness of ecological groups of 
sapƌoǆǇliĐ ďeetles speĐies iŶ ͚ƌeĐeŶtlǇ-harvested (R-HA‘<ϯϬ Ǉeaƌs agoͿ oƌ ͚loŶg-estaďlished ƌeseƌves’ 
(L-UNH>30years ago). Probability (p) of a significant difference between mean values is indicated by: 
NS= not significant. *p<0.05. **p<0.01.***p<0.001. 
We used the abundance of a covariate in species richness models. 
 
  Abundance Species richness 
 
 
estimate R-
HAR 
estimate L-
UNH 
 
estimate R-
HAR 
estimate L-
UNH 
 
Feedin
g 
guilds 
Mycophagous 4.066 (0.306) 4.201 (0.306) 
**
* 
2.25 (0.099) 2.395 (0.106) * 
Saproxylophago
us 
2.345 (0.340) 2.533 (0.341) 
**
* 
1.339 (0.172) 1.415 (0.180) NS 
Zoophagous 4.029 (0.154) 4.038 (0.155) NS 2.099 (0.119) 2.233 (0.124) * 
Xylophagous 5.056 (0.457) 4.745 (0.457) 
**
* 
2.65 (0.077) 2.601 (0.084) NS 
Rarity 
groups 
Common 5.773 (0.341) 5.572 (0.341) 
**
* 
3.682 (0.001) 3.776 (0.001) ** 
Rare 2.073 (0.431) 2.27 (0.432) 
**
* 
0.744 (0.184) 0.919 (0.1985) NS 
 Total 5.859 (0.326) 5.672 (0.326) 
**
* 
3.786 (0.001) 3.889 (0.001) 
**
* 
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Table 6. DiffeƌeŶĐe iŶ aďuŶdaŶĐe peƌ plot of seleĐted speĐies ďetǁeeŶ ͚ƌeĐeŶtlǇ-haƌvested’ ;‘-
HA‘<ϯϬ Ǉeaƌs agoͿ oƌ ͚loŶg-estaďlished ƌeseƌves’ ;L-UNH>30years ago) plots. Only significant 
differences are shown (p-value <0.001 after a Bonferroni correction for 150 tests). Only species 
sampled in at least 10 plots and with more than 20 individuals were analyzed, with generalized linear 
mixed-effeĐt ŵodels aŶd a BiŶoŵial eƌƌoƌ distƌiďutioŶ; ͚foƌest’ ǁas a ƌaŶdoŵ faĐtoƌ. Bold iŶdiĐates 
significant in occurrence. (*) indicates rare species.  
abundance > in R-HAR abundance > in L-UNH 
Ampedus quercicola 
Anaglyptus mysticus 
Anostirus purpureus 
Aulonothroscus brevicollis 
Cyclorhipidion bodoanus 
Ernoporicus fagi 
Hemicoelus fulvicornis 
Hylecoetus dermestoides 
Leiopus femoratus 
Litargus connexus 
Megatoma undata 
Phymatodes testaceus 
Platycerus caraboides 
Stenocorus meridianus 
Taphrorychus bicolor 
Tetratoma ancora 
Vincenzellus ruficollis 
Xyleborinus saxesenii 
Xyleborus dispar 
Anaspis flava 
Anaspis melanopa 
Cis boleti 
Clerus mutillarius 
Corticeus unicolor 
Cryptarcha undata 
Dasytes plumbeus 
Dryocoetes villosus 
Hylis olexai 
Mycetochara maura 
Mycetophagus ater(*) 
Oxylaemus cylindricus 
Paromalus parallelepipedus 
Ptilinus fuscus(*) 
Rhagium bifasciatum 
Scolytus rugulosus 
Thanasimus formicarius 
Tritoma bipustulata 
Trypodendron signatum 
Xyleborus dryographus 
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Synthèse de l’article 5 
rticle Problématiques Résultats Habitat Résultats coléoptères saproxyliques Points discutés Questions soulevées 
Perspectives 
d'étude 
Conclusions 
5 
(1) Quelle est 
l'influence de la durée 
de non-exploitation sur 
les caractéristiques 
d'habitat des 
saproxyliques (volume 
et diversité de bois 
mort, 
dendromicohabitats)?  
 
 
(2) Quelle est la 
réponse des 
assemblages d'espèces 
de coléoptères 
saproxyliques (incluant 
les espèces rares) à ces 
changements? 
Eléments plus abondants en zones non 
exploitées depuis + de 30ans: Surface 
des gros arbres (67.5<DBH<87.5cm) à 
l'hectare; 
Surface des très gros arbres 
(DBH>87.5cm) à l'hectare;  
Nombre de gros arbres (DBH>67.5cm) 
à l'hectare;  
Densité d'arbres porteurs de 
microhabitats à l'hectare;  
Diversité en dendromicrohabitats à 
l'hectare;  
Densité d'arbres à cavité à l'hectare; 
Densité d'arbres avec champignons 
saproxyliques à l'hectare; 
Densité d'arbres avec du bois mort 
dans le houppier; 
Volume total de bois mort à l'hectare;  
Ratio bois vivant/bois mort;  
Volume de gros bois mort (>40cm de 
diamètre) au sol à l'hectare;  
Volume de gros bois mort (>40cm de 
diamètre) debout à l'hectare; 
Volume de bois mort (diamètre >10cm) 
debout à l'hectare;  
Volume de bois mort (diamètre >10cm) 
au sol à l'hectare;  
Diversité de bois morts.  
 
Pas de différences: Ouverture du 
milieu,  
Densité d'arbres porteurs de coulées 
de sève à l'hectare.  
Déterminants des assemblages: Spatial (Forêt) (35%); bois 
mort (toutes caractéristiques réunies) (9%); 
dendromicrohabitats (toutes caractéristiques réunies) (8.8%); 
caractéristiques placette (toutes caractéristiques réunies) (7%). 
Assemblages d'espèces entre placettes exploitées depuis 
moins de 30 ans et placettes non exploitées depuis plus de 
30ans différents.  
 
Déterminants richesse spécifique: Espèces rares: diversité du 
bois mort; Ouverture du milieu. Espèces communes: Ouverture 
du milieu, ratio bois mort/bois total; diversité bois mort; duré 
de non exploitation (forte pvalue); densité d'arbres à cavités 
(forte pvalue);log10 volume de gros bois au sol (pvalue 0.1).  
 
Variation richesse spécifique: Espèces rares: pas de différence. 
Espèces communes: plus d'espèces en zone non-exploitée. 
Prédateurs: plus d'espèces dans les zones non exploitées. 
Mycophages: plus d'espèces dans les zones non exploitées.  
 
Variation abondance: Espèces rares: plus d'individus dans les 
zones non-exploitées. Espèces communes: Plus d'individus 
dans les zones exploitées. Mycophages: lus d'abondance dans 
les zones non exploitées. Saproxylophages: plus d'individus 
dans les zones non exploitées. Xylophages: plus d'individus 
dans les zones exploitées.  
 
Réponse individuelle des espèces: Autant d'espèces ont une 
abondance plus importante dans les zones exploitées que dans 
les zones non-exploitées. Deux espèces rares parmi les espèces 
ayant une abondance plus importantes en zone non exploitée. 
Aucune espèce rare avec une abondance plus importante en 
zone exploitée. 
Habitat: Accumulation 
rapide du bois mort 
dans les zones non 
exploitées. Mais faible 
augmentation de la 
diversité. 
Compartiments 
particulièrement 
impactés (gros bois 
morts). L'augmentation 
du nombre de 
dendromicrohabitats 
est plus faible que 
l'augmentation des 
volumes de bois mort.  
 
Espèces: capacités de 
colonisation, besoins 
particuliers en habitat. 
Cas particulier des 
espèces rares 
Espèces: La non-réponse de 
certains groupes peut s'expliquer 
par le faible besoin potentiel en 
volume bois mort, ce volume 
pouvant être disponible en zones 
exploitées. Une autre explication 
serait le délai de réponse plus 
grand pour les espèces que pour 
l'habitat; cela peut venir (pour les 
spécialistes des stades avancés de 
la sylvigenèse) de capacités de 
dispersion limitées, de détection 
d'habitat.  
 
Habitat: rôle d'incubateurs des 
zones non exploitées? Niveaux de 
populations des espèces rares 
réduits par l'exploitation 
forestières, ne permettant plus 
leur détectabilité? La plupart des 
espèces rares ont disparu des 
forêts exploitées il y à longtemps, 
seules quelques espèces restent 
et leurs niveaux de population 
augmentent avec l'augmentation 
de la qualité/quantité d'habitat?  
Anciennes réserves 
comme références 
pour la richesse en 
espèces et 
l'abondance de ces 
espèces. Besoin 
d'études sur le long 
terme. Meilleure 
prise en compte 
des effets de 
restauration active 
de l'habitat sur les 
espèces. 
Colonisation des 
substrats 
régénérés 
naturellement au 
cours du temps. 
Pas de grand 
soutien de 
l'étude à 
l'extension 
de rotation 
ni aux 
réserves 
forestières.  
Tableau 3 : Does a set-aside conservation strategy help the restoration of old-growth forest attributes and recolonization by saproxylic beetles? 
Problématiques, résultats, ĠlĠŵeŶts paƌtiĐulieƌs disĐutĠs, Ŷouvelles pƌoďlĠŵatiƋues posĠe, peƌspeĐtives d’Ġtudes à eŶvisageƌ et ĐoŶĐlusioŶs pƌiŶĐipales de 
l’aƌtiĐle.  
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Abstract 
Deadwood-associated species are increasingly targeted in forest biodiversity conservation. In 
order to improve structural biodiversity indicators and sustainable management guidelines, we need 
to elucidate ecological and anthropogenic drivers of saproxylic diversity. Herein we aim to 
disentangle the effects of local habitat attributes which presumably drive saproxylic beetle 
communities in temperate lowland deciduous forests. 
We collected data on saproxylic beetles in 104 oak and 49 beech stands in seven French 
lowland forests and used deadwood, microhabitat and stand features (large trees, openness) as 
predictor variables to describe local forest conditions.  
Deadwood diversity and stand openness were consistent key habitat features for species 
richness and composition in deciduous forests. Large downed deadwood volume was a significant 
predictor of beetle species richness in oak forests only. In addition, the density of cavity- and fungus-
bearing trees had weak but significant effects. 
We recommend that forest managers favor the local diversification of deadwood types, 
especially the number of combinations of deadwood positions and tree species, the retention of 
large downed deadwood and microhabitat-bearing trees in order to maximize the saproxylic beetle 
diversity at the stand scale in deciduous forests. 
To improve our understanding of deadwood-biodiversity relationships, further research 
should be based on targeted surveys on species-microhabitat relationships and should investigate 
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the role of landscape-scale deadwood resources and of historical gaps in continuity of key features 
availability at the local scale. 
 
Key-words: Microhabitat; Deadwood; Forest management; Biodiversity indicator; Oak; Beech 
 
Introduction 
Deadwood is a key component of forest ecosystems that is among the most severely affected 
by management in many landscapes (Fridman and Waldheim, 2000) and has become a focal 
conservation target in sustainable management. Since deadwood is one of the most species-rich 
components in forest ecosystems (Grove, 2002a), saproxylic species have become increasingly 
targeted in biodiversity conservation (Stokland et al., 2012). Deadwood has often been used as a 
structural indicator for naturalness and biodiversity and can provide information on the intensity of 
past human disturbances and degree of proximity to old-growth conditions (Larsson, 2001). To help 
define ecologically-meaningful saproxylic-friendly practices for forest managers, we need to unravel 
the relative importance of ecological and anthropogenic drivers on saproxylic diversity.  
 
Multiple factors play pivotal roles in predicting both the number and distribution of 
saproxylic species. Species assemblage composition may result from (i) macro-ecological features 
(distribution area, climate), (ii) environmental characteristics at the landscape scale and at the local 
scale, (iii) historical events (past disruption of substrate availability, local extinctions) and (iv) species 
interactions (competition, predation, interactive succession) (Stokland et al., 2012). Forestry 
practices act at the stand and the landscape scales. Therefore the understanding of variables driving 
biodiversity at the stand scale seems important to improve ecological sustainability of forestry. 
 
Beetles are an important functional (Cobb et al., 2010) and numerical (20% of all saproxylic 
species, just after the fungi; Stokland et al., 2004) component of saproxylic biodiversity. Since beetles 
belong to relatively well-known taxonomic groups, and since most species are highly sensitive to 
environmental changes, have specific habitat demands and can be trapped relatively easily, they are 
both logistically and ecologically suitable as response indicators (Siitonen, 2001). 
 
  119 
Chapitre III : Impacts locaux des éléments de la TTVB 
At the local (stand) scale, habitat quality for saproxylic beetles is related to abiotic conditions 
(e.g. moisture and temperature conditions related to canopy closure) and available resources. 
Resources not only include deadwood substrates, but also more cryptic biological legacies such as 
microhabitats (e.g. cavities, crown deadwood), mostly found in large-diameter live trees (Larrieu and 
Cabanettes, 2012; Winter and Möller, 2008). Density and/or diversity of resources may underlie the 
resource-biodiversity relationship. Forest stands with a wider range of resources (resource range 
hypothesis) and/or a higher density of substrates (resource concentration hypothesis) may be able to 
support a larger number of species due to demographic, stochastic and dispersal processes affecting 
local population dynamics (Päivinen et al., 2003). Several studies have demonstrated a positive 
significant correlation between the local amount of deadwood and saproxylic beetle species richness 
(see Grove, 2002a). Nevertheless, in a meta-analysis of available European data, Lassauce et al. 
(2011) found only a weak relationship between deadwood volume and species richness in temperate 
forests. Moreover, several studies have shown the diversity of deadwood types, rather than mere 
deadwood quantity, to be a critical environmental variable for saproxylic beetles (e.g. Brin et al., 
2009; Stokland et al., 2004).  
During the last few decades, research on saproxylic beetle habitat associations has been 
common in Scandinavia (Stokland et al., 2012), but has received less attention in central, western 
and southern Europe. By expanding this research to oak and beech forests, the two main deciduous 
forest types in Europe, we aimed to better understand the surrogacy patterns and environment-
biodiversity relationships found there and to determine (i) relevant structural indicators of saproxylic 
beetle diversity and (ii) improved guidelines for sustainable forest management. We here mainly 
intended (i) to disentangle the effects of local habitat attributes (abiotic conditions, density or 
diversity of resources) which presumably drive saproxylic beetle communities in deciduous forests, 
and (ii) check whether key habitat features for saproxylic beetles are consistent over oak and beech 
forests. 
 
Material and methods 
Study areas 
We collected environmental and entomological data using standardized protocols on 153 
plots in seven lowland deciduous forests (Tab. 1), distant of several hundred kilometers from each 
other: one forest in western France (Chize), three in eastern France (Auberive, Citeaux, Combe-
Lavaux), one in central France (Troncais) and two in northern France (Rambouillet, Fontainebleau). 
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Two forest types were distinguished - oak and beech - according to the dominant tree species in 
terms of basal area. All the beech stands were associated with oak stands in the vicinity. Highland 
beech forests have been studied in a companion study. Inside each forest, plots were distant of 
hundreds of meters from each other and half of the plots were located in protected forest reserves 
(except in the Rambouillet and the Troncais forest, where only 20% and 10% were in reserve stands, 
respectively). 
 
Beetle sampling and identification, species characterization 
Flying saproxylic beetles were sampled with two cross-vane flight interception traps 
(PolytrapTM) per plot, set about 20 m from each other, for a total number of 306 traps. The traps 
were suspended roughly 1.5 m above the ground. Active insects were collected from April to August, 
during one year only. The following saproxylic taxa were not identified at the species level in at least 
one of the seven forests and therefore removed from the compiled dataset: Cryptophagidae, 
Ptiliidae, Staphylinidae incl. Scaphidiinae and Pselaphinae. For the other taxa, we characterized each 
speĐies’ degree of geographic rarity in France according to the FRISBEE database (Bouget et al. 2010) 
and distinguished common (abundant and/or widely distributed) and rare (not abundant and only 
locally distributed) species of conservation concern for specific analyses. 
 
Live tree and deadwood measurements 
Stands were surveyed to obtain estimates of wood volumes for live trees, snags, logs and 
stumps and the basal area of live trees. Each plot, centered in the middle of both traps, was 
approximately 0.3 ha in size. We used a combination of sampling methods: fixed-angle relascope or 
circular plots for live trees; circular plots for stumps, large snags and large logs; line intersect 
sampling for small logs. We took into account minimum diameters of 7.5 cm for live trees, snags and 
logs. Four variables were used to describe deadwood: tree species, diameter (6 classes from 5 to >70 
cm), decay stage (9 classes created by crossing 3 classes of remaining bark cover and 3 classes of 
iŶŶeƌ ǁood haƌdŶess assessed ďǇ ͞kŶife peŶetƌatioŶ test͟; Laƌjavaaƌa aŶd Mulleƌ-Landau, 2010), and 
position (downed, standing, stump). An index of deadwood diversity was calculated as the number of 
observed deadwood types, i.e. the number of combinations of the above four variables (tree 
species*diameter class*decay class*position), as suggested by Siitonen et al. (2000). We also figured 
out a Shannon deadwood diversity index (Dodelin et al., 2004), accounting for the individual density 
(i.e. its number of pieces), and not only the occurrence, of each deadwood type. Based on these 
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surveys, seven deadwood variables were considered for analysis (Tab. 1): (i) total volume, (ii) volume 
ratio, (iii) number of deadwood types, (iv) volume of standing deadwood, (v) volume of large 
standing deadwood (>40 cm in mid-diameter), (vi) volume of downed deadwood, (vii) volume of 
large downed deadwood (>40 cm in mid-diameter). 
The basal area of very large and largest live trees was calculated for each 0.3-ha plot. The 
thresholds defining large trees were given by Grove (2002b), Larrieu and Cabanettes (2012) and 
Nilsson et al. (2002). 
VeƌǇ laƌge live tƌees ;ϲϳ.ϱ<dďh чϴϳ.ϱ ĐŵͿ aŶd tƌee ŵiĐƌohaďitats ǁeƌe iŶveŶtoƌied during 
leaf-out in 1-ha circular plots centered around the two traps. We recorded seven microhabitat types 
borne by live trees: (i) "empty" cavities, (ii) cavities with mould, (iii) fruiting bodies of saproxylic fungi, 
(iv) sap runs, (v) dead branches, (vi) tree crown deadwood, (vii) missing bark (i.e. hard patches of 
wood with no bark > 600 cm²). Microhabitats other than crown deadwood were only recorded when 
visible on the trunk beneath and within the tree crown. Trees with more than one microhabitat of 
the same type were counted only once, but trees bearing more than one microhabitat type were 
counted once for each microhabitat type. The total density of microhabitat-bearing trees, the 
number of microhabitat types and the individual densities of four microhaďitat tǇpes ;iͿ͞eŵptǇ͟ aŶd 
mould cavities, ii) sporocarps of saproxylic fungi, iii) dead branches and tree crown deadwood and iv) 
sap runs) were considered for analysis. Stand openness was defined as the total proportion of open 
areas in a 1-ha plot. 
 
Data analysis 
We used deadwood, microhabitat and stand features as predictor variables to describe forest 
conditions (Tab. 1), and species richness of rare and common species and species composition (incl. 
singletons) as response variables to describe beetle assemblages. All analyses were conducted on oak 
and beech datasets with R software v. 2.12.0. Since the same set of environmental variables 
measured within the 0.3- and 1-ha plots was used for both traps in the same plot, the catches of 
these two traps were combined prior to analyses carried out at the plot level. 
To rank the effects of environmental variables on variations in species composition, we 
performed a Canonical Analysis of Principal Coordinates (vegan R-package, CAP, Anderson and Willis 
2003). From Jaccard distance matrices, we carried out inertia partitioning on all explanatory 
environmental variables, since co-linearity among predictor variables is not considered to be a 
problem in CAP (Anderson and Willis 2003). We calculated total constrained inertia, the constrained 
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inertia which was not explained by spatial factors only (NSCI), the total (intrinsic + co-explained) 
iŶeƌtia eǆplaiŶed ďǇ eaĐh vaƌiaďle ;afteƌ paƌtialliŶg out the geogƌaphiĐal ͞forest͟ effeĐtͿ, the ŵaƌgiŶal 
(intrinsic) inertia explained by each variable (with all other variables partialled out before analysis), 
the latteƌ’s statistiĐal sigŶifiĐaŶĐe ďǇ ŵeaŶs of peƌŵutatioŶ tests ;ϭϬϬ ƌuŶsͿ, aŶd the ƌelative 
contribution of each variable to NSCI. 
We assessed the multi-model-averaged estimates (Burnham and Anderson 2002) 
determining the response of species richness to stand features. The most parsimonious model had 
the lowest Akaike information criterion (AICc, Burnham and Anderson 2002). For each response 
variable, we generated the null model and models with all the valid combinations of two explanatory 
variables. We calculated the differences in the AICc scores between each model and the best model 
;∆AICĐͿ as ǁell as the Akaike ǁeights foƌ eaĐh ŵodel. All ŵodels ǁith ∆AICĐ < 2 ǁeƌe used in order to 
figure out the model-averaged estimates weighted by the model weights. Only significant variables 
(p<0.05 across all the models) were selected; their relative contribution, i.e. their weight of evidence 
across all the models, was indicated (lme4, MuMIn, arm R-packages). Since co-linearity among 
predictor variables may lead to unreliable parameter estimates, we conducted the strategy 
suggested by Zuur et al. (2010) for addressing the multicolinearity problem before model averaging. 
We sequentially dropped the covariate with the highest variance inflation factor (VIF), then 
recalculated the VIF and repeated this process until all VIFs were below a pre-selected threshold 
(Zuur et al. (2010) suggest a cutoff of 3). The VIF represents the proportion of variance in one 
predictor explained by all the other predictors in the model ; a VIF = 1 indicates no co-linearity, 
ǁheƌeas iŶĐƌeasiŶglǇ higheƌ values suggest iŶĐƌeasiŶg ŵultiĐoliŶeaƌitǇ. We used the ͞vif.ŵeƌ͟ 
function (Frank 2011) to calculate VIFs for linear mixed effects models built using the lmer function in 
the ͞lŵeϰ″ paĐkage ;Taď. 2Ϳ. Since the relationship between species richness and deadwood volumes 
is better described by semi-log models (Martikainen et al., 2000), we used (log x+1) transformed 
values for deadwood volumes. The effect on species richness of local deadwood diversity assessed by 
the simple index (number of deadwood types) or the Shannon index (Shannon diversity index of 
deadwood types, taking the local density of each deadwood type into account, using its number of 
pieces) was compared using AICc values of each mixed model (with forest as a random factor).  
Significant relationships in generalized linear models were searched for breakpoints in 
species accumulation rates. Estimates of breakpoints were calculated by recursive partitioning by 
means of maximally selected two-sample statistics (Hothorn et al., 2006). Only primary and 
significant (p<0.001) breakpoints are reported here. Based on 5,000 bootstrap samples, 80% 
confidence intervals (to define ranges more tightly than 95% CI) were calculated for all breakpoints 
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(party and boot R-packages). In comparison with other models used in the study, this method does 
not allow to take the spatial structure of the data (at least forest location) into account. 
The diversity effect was partitioned into its four basic dimensions included in the deadwood 
diversity index (diameter class, decay class, tree species, position). We analysed whether any of these 
dimensions have an outstanding importance on species richness, by comparing AICc values of linear 
mixed models (with forest as a random factor) including all combinations of the 4 deadwood 
dimensions. 
The response to stand openness of the abundance of selected beetle species (caught in more 
than 10 individuals occurring in more than 10% samples) was analyzed using a Generalized Linear 
Miǆed Model ǁith a PoissoŶ eƌƌoƌ distƌiďutioŶ, aŶd ͞foƌest͟ as a spatial ƌaŶdoŵ effeĐt ;lŵeƌ fuŶĐtioŶ 
in lme4 R-package). 
 
Results 
Overall, the compiled dataset included 99 383 individuals and 478 saproxylic beetle species, 
among which 377 common, 70 rare (15% of the total number) and 31 undefined species were 
recorded. On average per plot, rare species represented about 6% of all species and 6% of all 
individuals. The mean numbers of common and rare species per plot were greater in the oak than in 
the beech plots (49.7+/-1.7 vs 38.1+/-1.9 and 3.5+/-0.2 vs 1.9+/-0.1, respectively). Significant 
differences in several explanatory stand features were measured between oak and beech plots (Tab. 
1).  
 
Response of species composition to stand features 
Many factors were used to describe the saproxylic environment (deadwood, microhabitats, 
large trees, stand openness) in order to identify the main local factors driving saproxylic beetle 
diversity. In oak and beech data, environmental and spatial factors respectively accounted for 45% 
and 52% of variation in species composition. 31% and 23% of the constrained inertia was explained 
by the intrinsic site effect in oak and beech data.  
In oak and beech forests, the openness, the microhabitat diversity, the deadwood diversity 
and the basal area of very large trees made significant total contributions (marginal and joined) to 
inertia (Tab. 3). In the oak forests, microhabitat density also provided a significant total contribution. 
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In the beech forests, significant total contributions were also provided by all the other deadwood 
descriptors (total volume, ratio, volumes of standing, large standing, downed, large downed 
deadwood), the density of very large trees at the 1-ha scale and the basal area of the largest trees. In 
oak, two environmental variables (deadwood diversity and stand openness) had a significant 
marginal contribution to inertia but only explained 3.5 and 3.9% of the non-spatial constrained 
inertia, respectively. In beech data, although a larger proportion of the inertia was explained by the 
environmental predictors than in oak data, none of the tested environmental predictors made a 
significant intrinsic contribution to inertia. In beech and oak forests, the density of cavity-, fungus-, 
deadwood-, sap-run-bearing trees did not explain variations in species composition. 
 
Response of species richness to stand features 
From multi-model averaged estimates (Tab. 4), the stand openness was the main predictor of 
richness of common beetle species in oak and beech plots. The deadwood diversity and the density 
of fungus-bearing trees had the highest positive impacts on rare species richness in oak and beech 
forests, respectively. The more open the forest and the higher the local number of deadwood types, 
the higher the number of common species per plot in beech and oak forests, and the number of rare 
species in oak stands. In oak stands, the number of common species also significantly increased with 
the volume of all downed deadwood (the second best predictor after openness), and to a lesser 
extent, with the volume of large downed deadwood, and with the density of fungus- and cavity-
bearing trees. Overall, the influential stand features were only partially identical for rare and 
common species. The influence of the total volume of deadwood on the number of species was not 
tested, since it was collinear with other predictors in the model (Tab. 2). 
 
Above the identified deflation breakpoints for significant variables, the number of species per 
plot kept on increasing, but more slowly. The rate of increase in rare species richness slightly slows 
down after the value of 1 fungus-bearing tree per ha in beech forests, and after the value of 29 
deadwood types in the surrounding 0.3 ha in oak forests. The accumulation rate of common species 
slows down after a 17% openness in oak stands and a 2% openness in beech stands. In oak forests, 
the number of common species increased more slowly after the values of 11 deadwood types in the 
surrounding 0.3 ha, 1 fungus-bearing tree per ha, 46 m3 of downed deadwood per ha. 
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In both beech and oak plots, the effect of deadwood diversity on species richness was 
partitioned into its four basic dimensions (diameter, tree species, decay, position [i.e. downed, 
standing or stump]). We did not measure any sharp contrasts between AICc values of linear mixed 
models including all combinations of the 4 deadwood dimensions for common and rare species (Fig. 
1). The full model was never the most parsimonious model. The best model included (i) the number 
of combinations between positions and tree species, and to a lesser extent simply the diversity of 
deadwood positions (ΔAICc=1) for rare and common species in beech forests, (ii) the diversity of tree 
species, and to a lesser extent of diameter classes ΔAICc=2) for rare species and (iii) the number of 
combinations crossing tree species, diameter and decay stages for common beetle species in oak 
forests. Although the most structuring deadwood dimensions for species richness were not strictly 
consistent between oak and beech, and between common and rare species, the number of tree 
species was generally outstanding (Fig. 1). 
 
Both deadwood diversity indices, the simple number and the Shannon diversity index of 
deadwood types, were similarly correlated to the deadwood volume (Spearman rho=0.48 for the 
simple index, rho=0.49 for the Shannon index). In both beech and oak data, the explanatory power of 
the Shannon model was only slightly better than the simple model (ΔAICc=4). 
 
Response of individual species to openness 
30% and 36% of tested species (102 species in beech stands, 189 species in oak stands) had a 
significant response to openness in beech and oak data, respectively (Tab. 5). In both beech and oak 
data, 77% of the significant species responses related to open-preferring species, and only 23% to 
shade-preferring taxa (whose abundance decreased with increasing stand openness). Among open-
preferring species, 30% species were known to have flower-visiting adults. Contrarily, we did not find 
any known flower-visiting species among shade-preferring taxa. Only a few species displayed 
contrasting responses to openness in oak and beech data (Tab. 5). 
 
Discussion 
1. Local ecological drivers of saproxylic beetle diversity in temperate deciduous forests 
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Stand openness, a key feature 
To summarize, among the diverse features describing local forest conditions for saproxylic 
beetles, both deadwood diversity and stand openness were consistent key habitat features for 
species richness and composition in oak and beech forests. The more open the deciduous forest, the 
higher the number of common species per plot in beech and oak forests, and the number of rare 
species in oak stands. Variations in species composition were mainly determined by the openness 
and the deadwood diversity in the oak plots, by site and large tree predictors in the beech plots. 
Moreover, a high proportion of the tested species displayed a significant response to openness (30% 
and 36% in beech and oak data, respectively). Our study confirms that canopy closure is clearly an 
outstanding attribute of the surrounding environment for saproxylic (even rare) beetles (Stokland et 
al., 2012). We here observed the same high proportion (77%) of open-preferring species among 
significant species responses in oak and beech forests. This strong influence of openness on both 
species richness and composition could relate (i) to an ecological complementation effect, between 
neighboring deadwood for larvae and flowers for adults, (ii) to microclimatic effects on sun-exposed 
substrates (and therefore habitat suitability of deadwood, fungi and other microhabitats on trees), as 
demonstrated in temperate forests by Vodka et al., (2009), and (iii) to thermodynamic effects on 
beetle activity, with more flying-active species in open and sun-exposed environments. Concerning 
the first point, we respectively detected 30% and 0% flower-visiting species among open- and shade-
preferring taxa. Our analyses also indicated that the accumulation rate of common species slows 
down after a 17% openness in oak stands and a 2% openness in beech stands. Contrary to what we 
had expected, we did not observe humpback curves with two breakpoints, i.e. a decrease in richness 
after a second breakpoint due to the disappearance of species in extreme sun-, wind- and light-
exposed substrates. The potential influence of a trappability bias (window-flight traps may be more 
efficient in open areas) has not been elucidated (Widerberg et al., 2012). 
Density and diversity of deadwood 
Overall, deadwood diversity was actually a more consistent predictor of species richness than 
deadwood ratio and downed or standing deadwood volumes. Its co-linearity with the total 
deadwood volume (Spearman correlation=0.49) prevents from disentangling their relative effects. 
The deadwood diversity significantly affected the species richness in beech and oak forests (as well 
as the species composition in oak forests). In other words, the higher the local number of deadwood 
types, the higher the number of common species per plot, and the number of rare species in oak 
stands. Our overall results confirm that the diversity of deadwood substrates plays an outstanding 
role in saproxylic diversity, as several previous studies have shown (e.g. Brin et al., 2009, Økland et 
al., 1996, Stokland et al., 2004). A wider range of resources (i.e. more various types of resource 
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present in exploitable amounts) hosts more specialists and as many generalist species. Among the 4 
dimensions describing deadwood diversity (position, decay, diameter, tree species), the local number 
of (deciduous) tree species was a key element for species richness.  
The deadwood ratio (the proportion of deadwood in total local wood volume, alive and 
dead), accounting for the wide natural variability in deadwood amounts over space and time due to 
the productivity of the forest and stand dynamics (Siitonen, 2001), did not better fit the relationship 
between deadwood amount and species richness than absolute deadwood volume.  
Some studies have pointed out that the decline in deadwood quantity due to commercial 
forestry is stronger for some deadwood types, mainly snags and large logs (Sippola et al., 1998). 
These two components are therefore particularly at risk in managed forests. It has already been 
shown that oak and beech snags (Bouget et al., 2012; Brunet and Isacsson, 2009) and large logs (Brin 
et al., 2011; Økland et al., 1996) are key deadwood types for saproxylic beetles. In our study, the 
volumes of downed and standing deadwood did not provide significant intrinsic contributions to 
assemblage composition in oak and beech plots. The best models of species richness in lowland 
forests never included the standing deadwood. However, it should be noted that, in a companion 
study (Bouget et al., in prep.), the density of large standing deadwood was the second predictor of 
species richness in highland beech forests. Deadwood drivers clearly depend on the forest context. 
In oak stands, the number of common species also significantly increased with the volume of 
all downed deadwood (the second best predictor after openness), and to a lesser extent, with the 
volume of large downed deadwood, both being even more influent than the deadwood diversity. 
Large deadwood volume did not affect the number of rare species, even though certain rare species 
are known to be sensitive to large log volume (Siitonen and Saaristo, 2000). Possibly the threshold 
we set for large deadwood (>40 cm), given for boreal forests by Nilsson et al. (2002), was too low to 
reflect ecological processes or should be modified for temperate contexts. Possibly species 
depending on large logs might be simply missing in managed forests due to the scarcity of large 
deadwood pieces. 
 
Tree microhabitats as key resources? 
In addition to canopy closure and deadwood resources; microhabitat features, as newly 
studied features, had weak but significant effects.The number of common species in oak stands and 
rare species in beech forests significantly increased with the density of fungus-bearing trees. 
Moreover the density of cavity-bearing trees had a slight positive impact on the common species 
richness in oak stands. However, in beech and oak forests, the density of cavity-, fungus-, deadwood-
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, sap-run-bearing trees did not explain variations in species composition. The role of tree 
microhabitats for saproxylic assemblages remains insufficiently understood (Winter and Möller, 
2008). Several saproxylic beetle species are known to be associated to cavities and tree holes 
(Ranius, 2002), to sap runs (Yoshimoto et al., 2005), to crown deadwood (Bouget et al., 2011) and 
lignicolous fungi (Jonsell and Nordlander, 2002).Microhabitats borne by live trees can occur in forests 
with a low total amount of deadwood. In our data, the density and diversity of microhabitats on trees 
and deadwood were not correlated.  
Grove (2002b), Nilsson et al. (2002) and Ranius (2002) all suggested that the density of large 
trees could be important for certain saproxylic beetle species, since the presence of such trees 
reflects both habitat continuity and microhabitat supply. In our dataset, the density of large trees 
actually only correlated to the density of deadwood-bearing trees, but not to the density of cavity-, 
of fungus- and of sap-run-bearing trees. In our results, the density or basal area of large or very large 
trees did not explain local species richness either at a 0.3 ha scale or at a 1-ha scale. Nevertheless, 
variations in species composition were co-determined by site and large tree predictors in the beech 
plots.  
The weak relationships observed between microhabitats and beetle fauna may be attributed 
to deficiencies (i) in beetle sampling and/or (ii)in the microhabitat surveys , and (iii) to the strong co-
linearity among microhabitat variables in the modeled data. In beech data multiple joint effects 
between close variables or between environmental and spatial variables, made it difficult to decipher 
influences. In interpreting the results, we consequently should bear in mind that the present samples 
enable to reveal only strong effects. First,our beetle dataset is based on two window-flight traps per 
plot, set up during 1 year only. However, it has been demonstrated that the number of species 
detected at the plot level could be deeply increased by year or trap replication (Parmain et al., in 
press). Since the sampled assemblage may be poorly representative of the local fauna, it may weaken 
the analysis of the species-environment relationships. Moreover, it should be underlined that freely 
hanging window-flight traps are meant to catch active flying beetle species, and that (mostly rare) 
microhabitat-specialists, e.g. cavity-specialists, are only occasionally caught in these traps, unless a 
large sample size is set up. To study these groups, special kinds of targeted surveys or trapping 
methods are needed (Ranius and Jansson 2002). Our conclusions regarding rare species should be 
considered cautiously, since it is well known that (i) representative local catches of rare species 
require repeated sampling efforts (Martikainen and Kaila, 2004), and (ii) rare species dependent on 
higher amounts of deadwood are difficult to model due to their low abundance in trap catches. 
Secondly, except for crown deadwood, the microhabitats were only measured on trunks and on live 
trees. The real density of cavities was probably underestimated, especially for oak with frequently-
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occurring cavities on large low branches within the tree crown. The density of lignicolous fungi, used 
as a proxy for fungal resources, was also undoubtedly underestimated since only large fruiting bodies 
were surveyed and one fungus at most was recorded per tree in the protocol. Moreover, the leaf 
cover may have hindered observations of microhabitats on the trunk; this could also have 
contributed to an underestimation of their number. The relationships between saproxylic and 
microhabitat diversity therefore require further investigations though such tree microhabitat surveys 
may be costly. 
 
2. Perspectives 
Perspectives for bio-indicator validation 
Deadwood has become a centerpiece for forest monitoring in Europe. Since assessing stand 
structural elements is much faster and easier than inventorying species, deadwood is being widely 
used to indicate the conservation value of forests (Noss, 1999). More precisely, deadwood volume is 
considered to be an important indicator of forest biodiversity (Larsson, 2001) and, as such, has been 
selected by the European Environmental Agency as an assessment criterion for sustainable forest 
management practices (EEA, 2007). However, a validation of deadwood indicators at a wide 
geographical scale is still lacking (Stokland et al., 2004). Large downed deadwood volume was a 
significant predictor of beetle species richness in oak forests only. Deadwood diversity provided more 
consistent predictive models of the local number of saproxylic beetle species than volume variables 
in deciduous forests. In coniferous forests, deadwood diversity has also proven to be a better 
predictor of species richness than volume (pine: Brin et al, 2009, fir and spruce: Bouget, pers. com.). 
Using diversity variables can reduce the time spent sampling deadwood since presence/absence data 
from each type category is sufficient (Brin et al., 2009). Other studies have demonstrated that 
deadwood diversity is an efficient surrogate for many forest-dwelling species presence, including 
taxa that are not directly dependent on deadwood (e.g. Fritz et al., 2008). Finally, when we combined 
deadwood diversity and microhabitat diversity (i.e. the number of both deadwood and microhabitat 
types) in a single additive index, there was only a negligible increase in explanatory power on beetle 
species richness, compared with deadwood diversity alone (from R²=0.33 to R²=0.34 in all deciduous 
plots). The validation of ecologically-relevant indirect biodiversity indicators which are easy to survey 
based on data from national forest inventories, would require further large-scale and multi-
taxonomic analyses. These features will also serve as criteria for more effective selection of 
conservation areas. 
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Implications for forestry 
Substantial evidence exists that commercial forestry has a negative impact on deadwood 
quantity (Fridman and Waldheim, 2000). Several studies have reported that the diversity of 
deadwood substrates is also altered by forestry (e.g. Ekbom et al. 2006). We found that deadwood 
diversity is a consistent key factor for saproxylic beetle diversity; we therefore suggest that forest 
managers favor the local diversification of deadwood types rather than any given target volume (but 
see below in oak forests). From our analyses, deadwood positions and tree species were key 
dimensions for the effect of deadwood diversity on species richness; overall, the number of tree 
species was outstanding. In managed forests, forestry is known to induce (i) a depleted local diversity 
of tree species in deadwood, due to the counter-selection of many native tree species that are not 
considered economically valuable, and (ii) a decreased local diversity of deadwood positions, mainly 
due to the elimination of standing deadwood, perceived as a safety hazard (Bishop et al., 2009). It 
therefore seems relevant to increase the number of combinations of positions and tree species 
(except introduced exotic species) to favour the local species richness of saproxylic beetles. 
Moreover, further ecological studies should pay more attention to mixed coniferous-deciduous 
forests. 
Our statistical breakpoints of deadwood or microhabitat values in the accumulation rate of 
species can not be translated into management targets as ecologically meaningful aggregation of 
true species extinction thresholds. It should however be borne in mind that threshold analyses did 
not consider the spatial structure of the data, despite the importance of site effects. Nonetheless, 
they may inspire cost-effective management guidelines. For instance, the efforts to retain just 1 
fungus-bearing tree per ha would significantly increase beetle species richness and would be cost-
effective. In our data, the strongest increase in rare species richness in beech forests and in common 
species in oak forests indeed occurred from 0 to 1 fungus-bearing tree per ha. The rate of increase in 
species richness actually slightly slows down beyond the value of 1 tree per ha.In oak forests, an 
effort of downed deadwood restoration up to the target of 50m3 per ha would be efficient from an 
ecological perspective (though a bit costly in terms of forestry benefits), since the number of 
common species increased more slowly with deadwood volume beyond the value of 46 m3 per ha. 
Nevertheless, it should be made clear that such quantitative deadwood targets would not meet the 
needs of all species; deadwood-dependent species are extremely numerous, and their deadwood 
requirements are species-specific (Müller and Butler, 2010). Finally, since stand openness strongly 
affected species composition, deadwood and microhabitats should be managed both under closed-
canopy and open conditions (Vodka et al., 2009). 
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Perspectives for further approaches 
One shortcoming of most of the empirical studies on saproxylic organisms is that they are 
typically conducted at a single, relatively small spatial scale. However, the probability of occurrence 
of saproxylic beetles is known to increase with the amount of dispersal sources in the surrounding 
landscape (e.g. Gibb et al., 2006). Moreover, habitat distribution may be more important than 
habitat quality in fragmented forest areas (Brunet and Isacsson, 2009) like the temperate forests in 
Western Europe. One explanation for the lack of clear results on the relationship between deadwood 
or microhabitat density and biodiversity may be that resources have not been measured over an area 
large enough to reflect deterministic influences on local beetle assemblages, especially for aerially 
dispersing beetle species (Bishop et al., 2009). To date, only a few studies have shown the positive 
effects of deadwood volume on local saproxylic beetle species richness (Franc et al., 2007; Gibb et al., 
2006; Økland et al., 1996) or deadwood-rich stands (Franc et al., 2007) in the surrounding landscape 
(from 100 m to 1 km). Considering the effects of regional deadwood on local assemblages might 
make a better spatial match between inventories and ecological processes (Turner and Tjørve, 2005). 
Even if stand specific deadwood thresholds supply some information about the local richness and 
abundance of a species group, landscape-level deadwood thresholds would be necessary when 
considering the viability of meta-populations (Ranius and Fahrig, 2006). 
Local assemblages may also be considerably affected by delayed effects of past gaps in the 
continuity of the local deadwood supply, continuity which is critical for species long-term persistence 
(Jonsell and Nordlander, 2002). Including more data about the history of deadwood availability 
would improve the explanatory power of assembly rules in saproxylic communities. 
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Table. 1 Description of structural (deadwood, microhabitats, large trees, openness, forest type) variables and study sitesexplored in the study. 
 
  BEECH OAK 
  Mean +/- SE range Mean +/- SE range 
Deadwood 
Total volume of deadwood in a 0.3ha plot (m
3
/ha) 66.561+/-11.771 0-371 28.131+/-2.676 0-123 
Volume ratio=deadwood /(Live trees+deadwood) 0.213+/-0.031 0-1 0.107+/-0.009 0-0.5 
Nb deadwood types (tree species*diameter*decay*position) 10.122+/-0.816 1-28 19.971+/-1.254 1-53 
Volume of standing deadwood (>10 cm in diameter) in a 0.3ha plot (m
3
/ha) 18.284+/-4.357 0-128 4.886+/-0.922 0-65 
Volume of large standing deadwood (> 40 cm in diameter)) in a 0.3ha plot (m
3
/ha) 14.705+/-4.336 0-128 2.801+/-0.818 0-65 
Volume of downed deadwood (>10 cm in diameter) in a 0.3ha plot (m
3
/ha) 48.277+/-8.953 0-287 20.657+/-2.379 0-111 
Volume of large downed deadwood (>40 cm in diameter) in a 0.3ha plot (m
3
/ha) 21.537+/-5.698 0-209 4.2+/-1.186 0-101 
Microhabitat 
Total density of microhabitat-bearing trees in a 1ha plot 16.918+/-1.744 0-52 17.663+/-1.031 3-50 
Number of microhabitat types in a 1ha plot 4.469+/-0.260 0-7 4.779+/-0.135 1-7 
Density of cavity-bearing trees in a 1ha plot: "empty" cavities with an entrance above 3 cm in width, 
woodpecker breeding and feeding holes, deep cavities formed between roots, cavities with mould 
with an entrance above 10 cm in width 
7.612+/-0.713 
0-18 
5.558+/-0.396 
0-20 
Density of fungus-bearing trees in a 1ha plot: fruiting bodies of tough or pulpy saproxylic fungi, >5cm 
in diameter,  
1.306+/-0.238 
0-7 
0.942+/-0.115 
0-7 
Density of deadwood-bearing trees a 1ha plot: crown deadwood in (large dead branches > 20 cm in 
diameter and > 1 m in length, crown deadwood volume > 20% of the total crown wood volume) 
6.02+/-1.052 
0-37 
8.096+/-0.742 
0-31 
Density of sap-run-bearing trees: sap runs > 10 cm in length in a 1ha plot 0.286+/-0.071 0-2 0.423+/-0.083 0-4 
  137 
Chapitre III : Impacts locaux des éléments de la TTVB 
Large trees 
Number of very large trees in a 1ha plot (dbh>67. 5cm) 4.816+/-1.035 0-32 12.25+/-1.181 0-51 
Basal area of very large trees in a 0.3ha plot ;ϲϳ.ϱ<dďh чϴϳ.ϱ ĐŵͿ ;ŵ²/haͿ 1.768+/-0.481 0-15 5.611+/-0.602 0-30 
Basal area of the largest trees in a 0.3ha plot (dbh>87.5 cm) (m²/ha) 0.982+/-0.361 0-14 0.753+/-0.208 0-12 
Openness 
Open areas (clearings, edges, areas with a well developed herb layer composed of flowering plants) 
(%) in a 1ha plot 
10.792+/-2.883 
0-100 
15.228+/-2.734 
0-100 
 Beech or oak 49 plots, 98 traps  104 plots, 208 traps  
Forests 
Auberive (AUB) 15 plots, 30 traps  9 plots, 18 traps  
Chize (CHZ) 12 plots, 24 traps  12 plots, 24 traps  
Citeaux (CIT)   12 plots, 24 traps  
Combe-Lavaux (CL) 5 plots, 10 traps  3 plots, 6 traps  
Fontainebleau (FBL) 17 plots, 34 traps  7 plots, 14 traps  
Rambouillet (RBT)   30 plots, 60 traps  
Troncais (TR)   31 plots, 62 traps  
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Table. 2. Variance inflation factor (VIF) of predictor variables selected in the linear mixed reduced 
models of species richness (with forest as a random effect), to be used in the model averaging 
approach (after sequential selection; Zuur et al., 2010), for addressing the multicollinearity problem. 
The VIF represents the proportion of variance in one predictor explained by all the other predictors in 
the model. A VIF = 1 indicates no collinearity. All selected VIFs were below a pre-defined cutoff of 3 
(as suggested by Zuur et al., 2010) 
 
 
Predictor (covariate) Oak Beech 
Deadwood diversity 2.26 2.24 
Deadwood ratio  2.33 
Volume of standing deadwood (logx+1) 2.79 2.41 
Volume of large standing deadwood (logx+1) 2.70  
Volume of downed deadwood (logx+1) 2.26  
Volume of large downed deadwood (logx+1) 1.77  
Density of very large trees 1.71  
Basal area of largest trees 1.99 1.70 
Density of cavity-bearing trees 2.34 2.34 
Density of fungus-bearing trees 1.82 1.74 
Density of deadwood-bearing trees 1.46 1.61 
Density of sap-run-bearing trees 1.47 1.64 
Microhabitat diversity 2.33  
Openness 1.41 1.53 
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Table. 3. Canonical Analysis of Principal coordinates (CAP) used to partition the variation in the 
response species-plot matrix with respect to the combination of explanatory stand features 
(deadwood, microhabitat, large trees, openness); %NSCI: relative contribution to the non-spatial 
constrained inertia. Only significant variables (** 0.01>p>0.001, * 0.05>p>0.01, ° 0.1>p>0.05) were 
selected. 
 
  Oak plots Beech plots 
 Variable 
Total 
inertia 
Marginal 
Inertia 
%NSCI 
Total 
inertia 
Marginal 
Inertia 
%NSCI 
Deadwood 
Volume of deadwood (logx+1) 
ns 
 
 0.589 * 
 
 
 
ns 
 
 
 
 
Deadwood ratio 
ns 
 
 
0.529 
** 
 
Deadwood diversity 
0.481 
** 
0.406 * 3.5 % 0.465 *  
Volume of standing deadwood (logx+1) 
 
 
ns 
 
 
 
 
 
 
0.591 
** 
 
Volume of large standing deadwood (logx+1)  0.548 *  
Volume of downed deadwood (logx+1)  0.582 *  
Volume of large downed deadwood (logx+1)  0.664 *  
Microhabitat 
Microhabitat density 0.404 * ns 
 
 ns ns 
 
 
Microhabitat diversity 0.485 *  0.453 °  
Large trees 
Basal area of very large trees 0.420 * 
 
ns 
 
 
0.723 
** 
 
ns 
 
 
Density of very large trees 
ns 
 
 
0.592 
** 
 
Basal area of largest trees  
0.761 
** 
 
Openness openness 
0.663 0.445 * 
3.9 % 
0.513 ns 
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** ** 
Spatial forest 
11.415 
** 
5.120 **  
3.392 
** 
2.181 **  
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Table. 4. Multi-model averaged estimates for structural stand features (deadwood, microhabitats, 
large trees, openness) determining the response of saproxylic beetle species richness (rare, 
common). Relative importance is the weight of evidence for each parameter across all the best 
models combining several variables (mixed-effect models, with forest as a random effect). Only 
significant variables (*** p<0.001, ** 0.01>p>0.001, * 0.05>p>0.01, ° 0.1>p>0.05) were selected. 
Significant relationships in SR response were searched for breakpoints (significance p<0.001, 80% 
Confidence Interval based on 5000 bootstrap samples). 
 
Fores
t type 
species 
richness 
Predictor 
Model-
averaged 
estimate 
(significanc
e) 
Relative 
contributio
n 
Deflation 
breakpoin
t 
Best models (Delta 
AICc<3) 
Oak 
Rare 
Deadwood diversity 1.66 ** 0.81 
29 [19-
30] 
Deadwoo
d 
diversity 
+ 
openness 
AICc=421.
1 
openness 0.81 * 0.34 No 
Commo
n 
openness 9.0 *** 0.99 17 [3-80] 
Volume 
of 
downed 
deadwoo
d + 
openness 
AICc=767.
9 
Volume of downed deadwood (logx+1) 9.4 *** 0.94 
46 [12-
47] 
Volume of large downed deadwood 
(logx+1) 
7.7 *** 0.04 No  
Deadwood diversity  10.0 ** 0.01 
11 [10-
17] 
Density of fungus-bearing trees 5.4 ** 0.01 1 [1-3] 
Density of cavity-bearing trees 4.3 ° 0.01 No  
Beec
h 
Rare Density of fungus-bearing trees 1.09 * 0.56 1 [1-3] 
Density of 
fungus-
bearing 
trees 
AICc=181.
5 
Commo
n 
openness 14.38 *** 0.97 2 [1-10] Deadwoo
d 
diversity 
+ 
openness 
AICc=378.
0 
Deadwood diversity 6.27 ° 0.24 No  
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Table 5. Response in abundance of selected beetle species to stand openness.  
Only species caught in more than 10 individuals and occurring in more than 10% samples were 
analyzed using a Generalized Linear Mixed Model ǁith a PoissoŶ eƌƌoƌ distƌiďutioŶ, aŶd ͞foƌest͟ as a 
spatial random effect. Only significant responses were displayed (*** p<0.001, ** 0.01>p>0.001, * 
0.05>p>0.01). Species with well-known flower-visiting adults (Bouget et al. 2010) were underlined. 
 
 
Shade-preferring species Open-preferring species 
Oak stands 
beech 
stand
s 
oak stands beech stands 
Anobium.hederae ***, 
Hemicoelus.fulvicornis ***, 
Isoriphis.melasoides ***, 
Leiopus.femoratus ***, 
Melasis.buprestoides *, 
Mycetophagus.piceus *, 
Ochina.ptinoides *, 
Orchesia.undulata *, 
Pediacus.dermestoides ***, 
Tetratoma.ancora ***, 
Vincenzellus.ruficollis ***, 
Xyleborinus.saxesenii *** 
Aulon
othros
cus.br
evicoll
is *, 
Diploc
oelus.f
agi *, 
Platyst
omos.
albinu
s * 
Abdera.bifasciata **, Agrilus.sp ***, 
Alosterna.tabacicolor *, 
Ampedus.cinnaberinus *, 
Ampedus.sanguinolentus **, 
Anaspis.fasciata *, Anaspis.frontalis 
***, Anaspis.melanopa ***, Cis.boleti 
**, Clerus.mutillarius ***, 
Clytus.arietis *, Colydium.elongatum 
***, Cortinicara.gibbosa ***, 
Cortodera.humeralis ***, 
Cryptarcha.undata ***, 
Cryptolestes.duplicatus **, 
Dasytes.aeratus **, 
Dasytes.plumbeus ***, 
Dryocoetes.villosus ***, Epuraea.sp 
***, Gonodera.luperus ***, 
Megatoma.undata **, 
Mycetochara.maura ***, 
Mycetophagus.atomarius *, 
Pachytodes.cerambyciformis *, 
Paromalus.parallelepipedus *, 
Pediacus.depressus *, 
Placonotus.testaceus ***, 
Plegaderus.dissectus **, 
Prionus.coriarius **, Ptinus.bidens 
***, Ptinus.subpilosus *, 
Rhagium.sycophanta **, 
Rhizophagus.bipustulatus *, 
Rhizophagus.depressus ***, 
Silvanus.unidentatus *, 
Stenurella.melanura ***, 
Thanasimus.formicarius ***, 
Triplax.lepida *, Tritoma.bipustulata 
Ampedus.glycerus ***, 
Corticarina.similata *, 
Cyclorhipidion.bodoanus ***, 
Enicmus.brevicornis ***, 
Glischrochilus.quadriguttatus *, 
Laemophloeus.monilis ***, 
Leptura.aurulenta **, 
Melanotus.villosus *, 
Microrhagus.lepidus ***, 
Nemozoma.elongatum ***, 
Platycerus.caraboides **, 
Stenocorus.meridianus ***, 
Tomoxia.bucephala *** 
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***, Tropideres.albirostris ***, 
Xyleborus.dryographus *** 
Hemicoelus.costatus **, 
Trypodendron.domesticum **, 
Xyleborus.dispar ***, 
Xylosandrus.germanus *** 
Cerambyx.scopolii ***, Cetonia.aurata ***, Cryptarcha.strigata ***, 
Dacne.bipustulata ***, Litargus.connexus ***, Pyrochroa.coccinea **, 
Scolytus.intricatus ***, Taphrorychus.bicolor ***, Triplax.russica ***, 
Valgus.hemipterus **, Xyleborus.monographus *** 
Species with contrasting response in oak and beech data 
Microrhagus.pygmaeus * 
Isoriphis.marmottani *** 
Salpingus.planirostris *** 
Ernoporicus.fagi *** 
Hyleco
etus.d
ermes
toides 
** 
Hylecoetus.dermestoides *** 
Microrhagus.pygmaeus *** 
Ernoporicus.fagi *** 
Isoriphis.marmottani *** 
Salpingus.planirostris ** 
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Figure captions 
 
Figure. 1. Partitioning of the deadwood diversity effect on common and rare species richness into its 
four basic dimensions (diameter class, decay class, tree species, position) and all their combinations 
in beech and oak plots. All mixed models (with forest as a random factor) for all combinations of the 
4 deadwood properties were compared using AICc values. The four-set Venn diagram with simple 
ellipses displays all 24-1=15 possible areas created by the interaction of 4 sets. The Venn diagram 
was not scaled, i.e. the graphical size of each intersecting or non-intersecting area is not proportional 
to the numerical AICc value. The best model is underlined.  
a) and (b): oak forests, c) and d): beech forests ; a) and c): common species, b) and d): rare species 
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Synthèse de l’article 6 
Article Problématiques 
Résultats 
Habitat 
Résultats coléoptères saproxyliques Points discutés Questions soulevées Perspectives d'étude Conclusions 
6 
Nous souhaitons mieux connaitre 
les relations existant entre 
environnement et biodiversité 
associées et déterminer : 
(i) les éléments structurels clés 
indicateurs de la richesse en 
espèce des coléoptères 
saproxyliques, 
 
(ii) améliorer les consignes de 
gestion forestière pour une 
gestion durable.  
 
Nous avons principalement tenté 
de  
(i) démêler les liens entre 
éléments du milieu (conditions 
abiotiques, densité et diversité des 
ressources) qui sont supposés 
structurer les communautés de 
coléoptères saproxyliques en forêt 
de feuillus et  
 
(ii) déterminer si les éléments clés 
du milieu sont constants entre 
chênaies et hêtraies.  
Non testé. 
Déterminants des assemblages d'espèces: Chêne: diversité du bois mort 
(3.5%); quantité et densité en dendromicrohabitat; surface de gros arbres; 
Ouverture du milieu; Spatial (forêt). Hêtre: Log volume bois mort; ration bois 
mort/bois total; diversité du bois mort; volume bois mort debout; volume 
gros bois mort debout; volume bois mort au sol; volume gros bois mort au 
sol; diversité en dendromicrohabitats; surface de gros arbres; densité de 
gros arbres; surface du plus gros arbre; ouverture du peuplement; Spatial 
(forêt).  
 
Richesse spécifique: Chêne: Espèces communes: Ouverture du milieu; log 
volume bois mort au sol; log volume gros bois mort au sol; diversité de bois 
mort; densité d'arbres porteurs de fructifications de champignons lignicoles; 
densité d'arbres porteurs de cavités. Espèces rares: Diversité du bois mort; 
Ouverture du milieu. Hêtre: Espèces communes: Ouverture du milieu; 
diversité du bois mort. Espèces rares: densité d'arbres porteurs de 
fructifications de champignons lignicoles.  
 
Effets du bois mort sur la richesse spécifique: Chêne: Espèces communes: 
essence*diamètre*degré de décomposition sont les plus efficaces pour 
expliquer les variations de richesse spé. Espèces rares: essence seule est la 
plus efficace pour expliquer les variations de richesse spé. Hêtre: Espèces 
communes: essence*position sont les plus efficaces pour expliquer les 
variations de richesse spécifique. Espèces rares: essence*position ont les 
plus efficaces pour expliquer les variations de richesse spécifique.  
 
Effets de l'ouverture sur les espèces: Chêne: plus d'espèces préfèrent les 
conditions ouvertes (77%).Parmi ces espèces, 30% ont des adultes floricoles. 
Pas d'espèces avec adultes floricoles parmi les espèces préférant les 
conditions ombragées. Hêtre: mêmes observations. 
Effet de l'ouverture 
du milieu sur les 
espèces 
saproxyliques. 
Diversité de bois 
mort comme point 
clé de la richesse en 
espèces 
saproxyliques. 
 
Certains éléments 
du bois mort sont 
particulièrement 
retirés des forêts 
exploitées (gros bois 
au sol et debout).  
L'augmentation 
d'espèces contactées 
dans des zones plus 
ouvertes est elle due à 
une réalité écologique ou 
à un biais 
méthodologique du 
polytrap?  
 
Espèces dépendantes des 
stades avancés de la 
sylvigenèse absentes des 
forêts gérées par cause 
de disparition de leur 
habitat?  
 
Quel est la contribution 
des dendromicrohabitats 
à la conservation n des 
insectes saproxyliques 
par rapport au bois 
mort? 
Evaluation de la 
pertinence du volume 
de bois mort comme 
indicateur de la 
richesse spécifique par 
l'étude de plusieurs 
groupes taxinomiques 
su une grande échelle.  
Va permettre une 
meilleure sélection des 
zones à conserver.  
 
Besoin de mener des 
études à large échelle.  
 
Besoin de prendre en 
compte la structure 
passée de 
l'environnement 
étudié.  
Le volume et diversité de 
bois mort sont des 
éléments clés structurant 
les assemblages et la 
richesse des coléoptères 
saproxyliques. Cependant, 
ces patterns varient en 
fonction du type forestier 
étudié (forêts de chêne ou 
hêtre dans notre cas). Les 
dendromicrohabitats ont 
également un rôle 
particulier, mais la 
nouveauté de l'étude de ces 
structures n'a pas encore 
permis de mettre en place 
des protocoles permettant 
de les considérer 
efficacement.  
Tableau 4 : In search of the best local habitat drivers for saproxylic beetle diversity in temperate deciduous forests. Problématiques, résultats, éléments 
paƌtiĐulieƌs disĐutĠs, Ŷouvelles pƌoďlĠŵatiƋues posĠe, peƌspeĐtives d’Ġtudes à eŶvisageƌ et ĐoŶĐlusioŶs pƌiŶĐipales de l’aƌticle. 
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Article 3: Extended rotations in French oak forests do not 
enhance saproxylic beetle diversity.  
Parmain, G. et Bouget, C. (et al) 
Article en préparation.  
 
Résumé :  
La ƋualitĠ d’haďitat est uŶ faĐteuƌ essentiel pour la survie des espèces. Dans un contexte 
foƌestieƌ foƌteŵeŶt iŵpaĐtĠ paƌ l’aĐtivitĠ huŵaiŶe, la pƌĠseƌvatioŶ de la ďiodiveƌsitĠ est assurée en 
soustrayant des zoŶes foƌestiğƌes à l’eǆploitatioŶ. Le ƌôle des structures permanentes pour la 
préservation de la biodiversité est actuellement relativement mal appréhendé. Mais ces zones 
représentent un manque à gagner élevé pour le gestionnaire forestier. Afin de concilier des objectifs 
de production et de conservation de la biodiversité, des structures de protection temporaires ont été 
pƌoposĠes. Il s’agit de ƌetaƌdeƌ poŶĐtuelleŵeŶt l’eǆploitatioŶ de la paƌĐelle duƌaŶt 2ϱ ou ϱϬ aŶs pour 
maintenir un habitat favorable aux espèces saproxyliques. 
Nous avons évalué le rôle joué par ces structures sur la préservation de la biodiversité 
forestière à travers le prisme des coléoptères saproxyliques. Nous avons étudié la réponse des 
ĐolĠoptğƌes sapƌoǆǇliƋues à la ŵise eŶ plaĐe d’ilots de vieillisseŵeŶt eŶ futaie de ĐhġŶe du Ŷord de la 
FƌaŶĐe. Nous Ŷ’avoŶs oďseƌvĠ auĐuŶe ŵodifiĐatioŶ sigŶifiĐative des ĐoŵpaƌtiŵeŶts favoƌaďles auǆ 
coléoptères saproxyliques entre placettes témoin et post-tƌaiteŵeŶt. Le Ŷoŵďƌe d’espğĐes de 
coléoptères saproxyliques contacté entre les deux types de plaĐettes Ŷ’Ġtait pas sigŶifiĐativeŵeŶt 
différent, et ce même pour les espèces rares. Parmi les variables environnementales étudiées, seule 
l’ouveƌtuƌe du ŵilieu avait uŶe iŶflueŶĐe suƌ l’aďoŶdaŶĐe des espğĐes ĐoŶtaĐtĠes.  
Nous avons mis en évidence la neutƌalitĠ de l’eǆteŶsioŶ de ƌotatioŶ de peupleŵeŶts ŵatuƌs 
avec maintien des activités sylvicoles vis-à-vis des caractéristiques structurelles du milieu. Aucun 
iŵpaĐt positif ou ŶĠgatif suƌ les Đoƌtğges de ĐolĠoptğƌes sapƌoǆǇliƋues Ŷ’a ĠtĠ dĠteĐtĠ. La stƌatégie 
de ƌalloŶgeŵeŶt du ĐǇĐle sǇlviĐole pouƌ les phases ŵatuƌes des peupleŵeŶts Ŷ’appaƌait pas Đoŵŵe 
une stratégie pertinente pour la conservation des coléoptères saproxyliques.  
 
Introduction 
La biodiversité forestière est largement impactée paƌ l’eǆploitatioŶ foƌestiğƌe ;Martikainen et 
al., 2000 ; Similä et al., 2003 ; Penttilä et al., 2004). Par son action, les habitats caractéristiques 
associés aux stades terminaux du cycle sylvigétnétiques disparaissent (Gilg, 2004). Ces éléments sont 
des haďitats pƌivilĠgiĠs pouƌ uŶe vaste ĐoŵŵuŶautĠ d’oƌgaŶisŵes, les oƌgaŶisŵes sapƌoǆǇliƋues 
(dépendant du bois mort).  
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Différentes mesures de conservation de cette biodiversité saproxylique sont actuellement 
disponibles. La plupart du temps, cela consiste à soustƌaiƌe de l’aĐtivitĠ huŵaiŶe des poƌtioŶs 
d’haďitat, afiŶ Ƌue Đelui-ci retrouve progressivement un caractère naturel. Ces zones peuvent être 
définies a pƌioƌi, suƌ la ďase d’uŶe ĐapaĐitĠ d’aĐĐueil pƌĠsuŵĠe de la ďiodiveƌsitĠ. PouƌtaŶt, elles soŶt 
plus effiĐaĐes si elles soŶt sĠleĐtioŶŶĠes suƌ la ďase de la ďiodiveƌsitĠ Ƌu’elles aďƌiteŶt ;TiŵoŶeŶ et 
al., 2010). Les plus efficaces sont sans doute les réserves forestières de grande taille, car elles 
permettent de produire une grande quantité et diversité d’haďitats favoƌaďles au Đouƌs du teŵps 
(Lachat et Bütler, 2007). Elles sont cependant contraignantes à mettre en place. Des structures de 
conservation plus petites leur sont généralement préférées (Tscharntke et al., 2002). Ces structures 
peuvent être mises eŶ plaĐe loƌs de l’eǆploitatioŶ fiŶale des peupleŵeŶts. Des gƌoupes d’aƌďƌes soŶt 
retenus dans le peuplement exploité. Ces éléments sont retrouvés en Europe mais également en 
Amérique. On les appelle des Green Tree Retention patches (GTR, Gustafsson et al., 2010). Leur 
efficacité pour la préservation d’uŶe paƌtie de la ďiodiveƌsitĠ foƌestiğƌe est ƌeĐoŶŶue ;Rosenvald et 
Lohmus, 2008Ϳ. CepeŶdaŶt, Đet effet Ŷ’est ŵesuƌĠ Ƌue suƌ de Đouƌtes périodes post-exploitation. 
Dans les pays Scandinaves, des petits patĐhes d’haďitat soŶt ĠgaleŵeŶt pƌĠseƌvĠs. Ils soŶt appelĠs 
des Woodland Key Habitats (WKH, Timonen et al., 2010). Ils sont sélectionnés à priori, sur la base de 
ĐaƌaĐtĠƌistiƋues d’haďitat favoƌaďles à la ďiodiveƌsitĠ, eŶ paƌtiĐulieƌ de la ďiodiveƌsitĠ sapƌoxylique. 
Pourtant, leur efficacité de conservation est rarement éprouvée (Timonen et al., 2010).  
Ces différentes structures sont généralement laissées en libre évolution une fois mises en 
place, et auĐuŶe ƌĠĐolte de ďois Ŷ’Ǉ est effeĐtuĠe. Elles voŶt aĐĐumuler des structures particulières 
favorables à la conservation de la biodiversité saproxylique. Ces éléments peuvent être répartis en 
trois classes sommaires : le bois mort, les dendromicrohabitats et les arbres vivants de forts diamètre 
(Krauss et Krumm, 2013 ; Gilg, 2004 ; Stockland et al., 2012).  
Les arbres de fort diamètre sont un élément central occupant le gestionnaire et le 
naturaliste. En effet, les gros arbres en forêt sont synonymes de richesse en espèces (Grove, 2002b). 
Ces arbres ont également une importance économique majeure (Jaret, 2004 ; Sardin, 2008). Ils sont 
particulièrement rares en forêts exploitées (Lindenmayer et al., 2Ϭϭ2Ϳ. DaŶs l’optiƋue de ĐoŶĐilieƌ 
préservation de la biodiversité et production de bois de grande valeur économique, une structure de 
conservation propre aux forêts françaises a été proposée, les ilots de vieillissement. Ils sont 
constitués par des peuplements où le cycle sylvicole va être rallongé. La coupe définitive sur ces 
peupleŵeŶts seƌa ƌetaƌdĠe d’uŶe duƌĠe vaƌiable, entre 25 et 50 ans (ONF, 2009).  
DuƌaŶt la duƌĠe d’alloŶgeŵeŶt du ĐǇĐle, les iŶteƌveŶtioŶs sǇlviĐoles soŶt peƌŵises afiŶ de 
récolter tout arbre présentant des signes de dépréciation économique, ou menaçant un autre arbre 
de qualité. Ces ilots sont généralement mis en place sur des surfaces de l’oƌdƌe de l’heĐtaƌe, paƌfois 
moins. Cette mesure de conservation est récente (ONF, 2009) et son efficacité est encore mal 
évaluée (Lassauce et al., 2013).  
Partant de ce constat, nous nous posons les questions suivantes :  
- Quel est l’iŵpaĐt des eǆteŶsioŶs des ĐǇĐles sǇlviĐoles aveĐ ŵaiŶtieŶ de l’aĐtivitĠ fiŶale 
d’eǆploitatioŶ suƌ les ĐoŵpaƌtiŵeŶts ĠĐologiƋues « bois mort » et « dendromicrohabitats » ?  
- Quel est l’iŵpaĐt de Đes ŵodifiĐatioŶs de ŵilieu suƌ les asseŵďlages de Đoléoptères 
saproxyliques ? 
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Matériel et méthodes 
Sites d’Ġtude 
Notre objectif était de comparer les peuplements forestiers de futaie de chêne bénéficiant 
des effets de la mesure conservatoire que sont les ilots de vieillissement. Le gradient créé par 
l’eǆteŶsioŶ d’uŶe seule duƌĠe d’aŵĠŶageŵeŶt ;eŶtƌe 2ϱ et ϯϬ ans) nous a semblé trop faible pour 
détecter de quelconques différences de structure ou de composition en espèces. Bouget et al, (2014) 
ont en effet montré que la réponse des coléoptères saproxyliques à l’augŵeŶtatioŶ de ƋualitĠ 
d’haďitat Ġtait tƌğs faiďle apƌğs ϯϬ aŶs de non-exploitation stricte.  
L’eǆploitaďilitĠ des aƌďƌes est dĠteƌŵiŶĠe paƌ leuƌ diaŵğtƌe ; celui-ci est généralement de 
70cm en chênaie du nord de la France (Jaret, 2004 ; Sardin, 2008). L’appliĐatioŶ de la ŵesuƌe de 
conservation ilots de vieillissement permet un accroissement théorique du diamètre des arbres 
vaƌiaďle eŶtƌe ϲ et ϭ2Đŵ ;aĐĐƌoisseŵeŶt aŶŶuel d’eŶviƌoŶ 2.ϱŵŵͿ. Les peupleŵeŶts issus d’ilots de 
vieillissement devraient alors avoiƌ des pƌopoƌtioŶs d’aƌďƌes de diaŵğtƌe de ϴϬĐŵ et plus 
supérieures aux peuplements matures. Nous avons choisi de nous placer dans le cas où le 
peuplement aurait subi deux extensions de rotations (produisant des arbres de 80cm de diamètre). 
Nous avons coŶsidĠƌĠ Ƌue les plaĐettes aveĐ uŶe pƌopoƌtioŶ d’aƌďƌes de diaŵğtƌe ϳϬ et ϴϬ Đŵ 
supérieure à 70% étaient des peuplements matures, en fin de cycle sylvicole, prêts à être exploités. 
Nous les avons définis comme les placettes témoin. Les placettes avec une propoƌtioŶ d’aƌďƌes de 
diamètre plus grand que 80cm supérieure à 30% étaient des peuplements en fin de phase étendue 
d’eǆploitatioŶ. Ils ĐoƌƌespoŶdaieŶt aloƌs à la dĠfiŶitioŶ d’ilots de vieillisseŵeŶt aƌƌivĠs à teƌŵe. Nous 
avons défini ces placettes comme post-traitement.  
Nous avons étudié 11 chênaies du nord de la France. Dans chacune des forêts, en fonction 
des disponibilités de peuplements à très gros arbres présents, nous avons défini un nombre variable 
de placettes témoin et post traitement (Tableau 1). Au total, ce sont 81 pièges à interception qui ont 
été mis en place.  
 
MatĠƌiel d’Ġtude 
Les ColĠoptğƌes sapƌoǆǇliƋues oŶt ĠtĠ ĠĐhaŶtilloŶŶĠs à l’aide de piğges à iŶteƌĐeptioŶ de tǇpe 
polytrap. Les pièges ĠtaieŶt distaŶts d’au ŵoiŶs ϱϬm entre eux. Les pièges ont été suspendus 
grossièrement à 1.50 m du sol. La faune circulante a été échantillonnée eŶ 2Ϭϭ2, d’Avƌil à Août. Le 
mélange conservateur et non attractif des pièges était constitué par un mélange de 50% de Mono 
Propylène Glycol (MPG) de qualité aliŵeŶtaiƌe, de sel et d’uŶ ageŶt teŶsio-actif (détergent neutre, 
sans parfum).  
Les faŵilles suivaŶtes pƌĠseŶtaŶt des diffiĐultĠs d’ideŶtifiĐatioŶ ĠlevĠes oŶt ĠtĠ ĠĐaƌtĠes des 
données (Clambidae, Cantharidae, Malachiidae, Dryopidae, Ptiliidae, Scirtidae, Scydmaenidae, 
Staphylinidae incl. Scaphidiinae & Pselaphinae). Pour chaque espèce au sein des familles identifiées, 
nous avons caractérisé son degré de rareté a priori en se référant à la base en ligne FRISBEE 
(http://frisbee.nogent.cemagref.fr/ index.php/en/). Nous avons défini pour chaque placette les 
variables insectes : la ƌiĐhesse totale eŶ espğĐes sapƌoǆǇliƋue ;‘StotͿ, l’aďoŶdaŶĐe totale des espğĐes 
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saproxyliques (ABtot), la richesse spécifiƋue des espğĐes sapƌoǆǇliƋues ƌaƌes ;‘SƌaƌͿ et l’aďoŶdaŶĐe 
des espèces saproxyliques rares (ABrar).  
 
Variables environnementales 
Les ŵesuƌes eŶviƌoŶŶeŵeŶtales oŶt ĠtĠ ĐoŶduites eŶ hiveƌ. L’ouveƌtuƌe du ŵilieu a ĠtĠ 
dĠfiŶie Đoŵŵe l’ouveƌtuƌe de la ĐaŶopĠe dans un rayon de 20m autour du centre de placette. Cette 
estimation a été menée par le même opérateur sur la totalité des placettes.  
L’estiŵatioŶ du voluŵe de ďois ŵoƌt à l’heĐtaƌe a ĠtĠ faite eŶ adaptaŶt le pƌotoĐole pƌoposĠ 
par (Lassauce et al., 2013). Trois transects de 20m de long ont été installés à 0, 133 et 267 grad en 
partant du centre de la placette. Le bois mort au sol de faible diamètre (entre 2.5 et 32.5cm de 
diamètre) intersecté par le transect a été mesuré (diamètre). Le volume de bois mort de plus de 
32.5cm de diamètre (debout ou au sol) a été estimé par cubage des pièces concernées dans un rayon 
de 20m autour du centre de la placette. Les parties du tronc de moins de 30cm de diamètre ou qui 
sont en dehors du cercle de 20m Ŷ’oŶt pas ĠtĠ pƌises en compte. Le volume bois de mort sur pied 
(7.5 à 32.5 cm) a été estimé dans un rayon de 10m autour du centre de la placette. Pour chacune des 
piğĐes de ďois ŵoƌt ĐoŶsidĠƌĠes, Ŷous avoŶs ƌeŶseigŶĠ l’esseŶĐe aiŶsi Ƌue le Ŷiveau de dĠgƌadation, 
estiŵĠ à l’aide du ͚test du Đouteau’ ;Mäkinen et al., 2006Ϳ et de la suƌfaĐe d’ĠĐoƌĐe pƌĠseŶte. Nous 
avons identifié trois stades de dégradation du bois, correspondant à trois degrés de pénétration de la 
lame dans le bois (1 : duƌ, la laŵe Ŷe s’eŶfoŶĐe Ƌuasiment pas ; 2 : pénétration partielle de la lame ; 
3 : pénétration totale de la lame). Tƌois Ŷiveauǆ de pƌĠseŶĐe d’ĠĐoƌĐe oŶt ĠtĠ dĠfiŶis ;ϭ : présente sur 
toute la pièce ; 2 : partiellement présente ; 3 : totaleŵeŶt aďseŶte de la piğĐeͿ. L’iŶdiĐateuƌ de 
diversité du bois mort a été obtenu en créant des « espèces de bois mort » qui seront composées de 
la classe de diamètre de la pièce de bois, de son essence, et de son niveau de dégradation (bois + 
écorce).  
Le Ŷoŵďƌe d’aƌďƌes aveĐ uŶ DBH ;Diaŵeteƌ at Bƌeast Height) entre 70 et 80cm, et un DBH 
supĠƌieuƌ à ϴϬĐŵ a ĠtĠ ĐoŵptĠ daŶs des ĐeƌĐles d’uŶ ƌaǇoŶ de 2Ϭ et ϱϲŵ autouƌ du piğge. Pour 
chacun de ces arbres, le nombre et la nature de dendromicrohabitats présents ont été comptés. 
Nous avons défini 6 types différents de dendromicrohabitats : Cavité (regroupe les cavités en eau, à 
teƌƌeau, tƌous de piĐs aveĐ diaŵğtƌe ŵiŶiŵal d’eŶtƌĠe de ϱĐŵͿ, Ecorce (regroupe décollement 
d'écorce, fente), Bois apparent (regroupe plage de bois sans écorce, plage de bois cariée), 
Champignons (champignon saproxylique coriace), Lierre (présence de lierre sur au moins 20% du 
tronc), Houppier (regroupe bois mort dans le houppier et charpentière brisée).  
La richesse et la diversité en dendromicrohabitats, le nombre de Cavité et le nombre moyen 
de dendromicrohabitats par arbre ont été mesurés pour les arbres avec un DBH supérieur à 70cm 
dans un rayon de 20 ou 56 m autour de chaque piège. Les différentes variables utilisées sont 
synthétisées dans le Tableau 2.  
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Analyses 
Nos objectifs pƌiŶĐipauǆ ĠtaieŶt d’Ġtudieƌ ;iͿ les ĐhaŶgeŵeŶts de stƌuĐtuƌe des peupleŵeŶts 
suite au ƌalloŶgeŵeŶt du ĐǇĐle sǇlviĐole ;iiͿ l’iŵpaĐt Ƌue Đes ĐhaŶgeŵeŶts oŶt suƌ les asseŵďlages de 
coléoptères saproxyliques (RStot, Abtot, Rsrar, Abrar et composition).  
Les différences de caractéristiques structurelles retenues entre les deux types de placettes 
(pré-rallongement et post-rallongement) ont été comparées avec un test de Kruskal-Wallis.  
La normalité des variables Rstot, Abtot, RSrar, ABrar a été testée avec la méthode de Shapiro-Wilks.  
Nous avoŶs utilisĠ des ŵodğles liŶĠaiƌes gĠŶĠƌalisĠs et ŵiǆtes pouƌ Ġvalueƌ l’effet des 
caractéristiques du milieu sur les coléoptères saproxyliques. Les variables suivant une loi de 
distribution de type gaussienne seront analysées avec un modèle LMER (fonction lmer dans le 
package R lme4) et les variables suivant une loi de distribution poisson avec un modèle GLMER 
(fonction glmer dans le package R lme4). Nous avons utilisé un facteur appelé « Obs » pour limiter la 
sur-dispersion des données dans les modèles utilisant les variables insectes suivant une loi de 
poisson. La forêt a été utilisée comme facteur aléatoire dans les modèles.  
Les variables environnementales structurantes pour les assemblages de coléoptères 
saproxyliques (toutes espèces ou espèces rares uniquement) ont été recherchées par une procédure 
d’aŶalǇse ĐaŶoŶiƋue eŶ ĐoŵposaŶtes pƌiŶĐipales ;vegaŶ ‘-package, CAP, Anderson et Willis, 2003).  
 
 
Résultats 
Nous avons collecté 28296 coléoptères et identifié 550 espèces. Parmi elles, 395 ont été 
définies en tant que saproxyliques et représentent 14042 individus. Parmi ces espèces, 47 (11.89%) 
sont considérées comme rares.  
 
Caractéristiques structurelles 
Le ƌalloŶgeŵeŶt du ĐǇĐle sǇlviĐole Ŷ’a pas pƌovoƋuĠ de ĐhaŶgeŵeŶt sigŶifiĐatif de l’ouveƌtuƌe 
du ŵilieu, Ŷi d’augŵeŶtatioŶ du voluŵe de ďois ŵoƌt total ni de la diversité du bois mort. Dans les 
placettes où le cycle sylvicole a été rallongé, on observe un plus grand nombre de 
dendromicrohabitats (à 0.3 et 1ha). La diversité en dendromicrohabitats est également plus grande 
daŶs les plaĐettes où le ĐǇĐle sǇlviĐole a ĠtĠ ƌalloŶgĠ ;à Ϭ.ϯ et ϭhaͿ. EŶ ƌevaŶĐhe, il Ŷ’Ǉ a pas de 
différence significative du nombre moyen de dendro-microhabitats portés par les arbres avec un 
diamètre supérieur à 70 cm à 20 ou 56 m du centre de la placette (Tableau 3).  
 
FaĐteuƌs iŶflueŶçaŶt la ƌiĐhesse et l’aďoŶdaŶĐe des espğĐes 
Nous Ŷ’avoŶs pas oďseƌvĠ de diffĠƌeŶĐe sigŶifiĐative eŶ Ŷoŵďƌe d’espğĐes totales ou ƌaƌes 
pas plus que de différences d’aďoŶdance entre les placettes témoin et les placettes post extension. 
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Au seiŶ des plaĐettes tĠŵoiŶ, seule l’aďoŶdaŶĐe totale des espğĐes Ġtait positiveŵeŶt 
iŶflueŶĐĠe paƌ l’ouveƌtuƌe du ŵilieu. Toutes les autƌes vaƌiaďles Ŷe pƌĠseŶtaieŶt pas d’effet 
significatif suƌ la ƌiĐhesse totale ou ƌaƌe, Ŷi suƌ l’aďoŶdaŶĐe totale ou des espğĐes ƌaƌes.  
Au sein des placettes post-tƌaiteŵeŶt, l’aďoŶdaŶĐe de la totalitĠ des espğĐes Ġtait 
sigŶifiĐativeŵeŶt positiveŵeŶt iŶflueŶĐĠe paƌ la diveƌsitĠ eŶ deŶdƌoŵiĐƌohaďitats à l’hectare portés 
par les arbres au DBH supérieur à 70 Đŵ aiŶsi Ƌue paƌ l’ouveƌtuƌe du ŵilieu. Toutes les autƌes 
vaƌiaďles Ŷe pƌĠseŶtaieŶt pas d’effet sigŶifiĐatif suƌ la ƌiĐhesse totale ou des espèces rares, ni sur 
l’aďoŶdaŶĐe totale ou des espğĐes ƌaƌes ;Taďleau 4). 
 
Facteurs influençant la composition en espèces 
AuĐuŶ paƌaŵğtƌe testĠ Ŷ’iŶflueŶĐe sigŶifiĐativeŵeŶt les asseŵďlages d’espğĐes totales ou 
rares, ni dans les placettes témoin, ni dans les placettes post-traitement.  
 
 
Discussion 
Caractéristiques structurelles 
L’alloŶgeŵeŶt de ƌotatioŶ Ŷ’a pas eu d’iŶflueŶĐe suƌ le voluŵe Ŷi la diveƌsitĠ totale de ďois 
mort au niveau de la placette. En revanche, la quantité et la diversité des dendromicrohabitats est 
supérieure sur les placettes de 0.3 et 1ha post-traitement. Cependant, le nombre moyen de 
deŶdƌoŵiĐƌohaďitats paƌ aƌďƌe de plus de ϳϬĐŵ de diaŵğtƌe Ŷ’est pas sigŶifiĐativeŵeŶt diffĠƌeŶt 
entre les deux types de traitements. Ceci suggère que la quantité de dendromicrohabitats 
Ŷ’augŵeŶte pas aveĐ l’eǆteŶsion de la rotation du peuplement. Nous avons montré (Bouget et al., 
2ϬϭϰͿ Ƌu’uŶ ŵiŶiŵuŵ de 30ans de mise en réserve (non-exploitation) était nécessaire à une 
reconstitution partielle des stocks de bois mort et de dendromicrohabitats. Un ilot de vieillissement 
est ŵis eŶ plaĐe suƌ uŶe duƌĠe vaƌiaďle eŶtƌe 2ϱ et ϱϬ aŶs ;ONF, 2ϬϬϵͿ, aveĐ le ŵaiŶtieŶ de l’aĐtivitĠ 
sylvicole, et laisse peu de chances aux structures favorables aux coléoptères saproxyliques de se 
régénérer. Lassauce et al, (2013) ont trouvé des résultats similaires sur la non-modification des 
caractéristiques structurelles du milieu entre des placettes de 180/200 ans et 200/220 ans. En 
revanche, des changements significatifs étaient observés entre les placettes 180/220 ans et les 
+300ans. Lassauce et al, ;2Ϭϭ2Ϳ oŶt ŵoŶtƌĠ Ƌue l’eǆteŶsioŶ de ƌotatioŶ du ĐǇĐle du taillis ;de 2Ϭ à ϲϬ 
ans) avait un affect significatif sur les caractéristiques structurelles du milieu. A la différence de la 
futaie mature, le stade du taillis est caractérisé par la croissance rapide de nombreuses tiges de 
l’esseŶĐe Điďle. Cette foƌte ĐƌoissaŶĐe et ĐoŵpĠtitioŶ eŶtƌe les tiges pƌovoƋue la ŵoƌt de ĐeƌtaiŶes 
d’eŶtƌe elles. Ce phĠŶoŵğŶe pƌopƌe au taillis pouƌƌait eǆpliƋueƌ les diffĠƌeŶĐes de ƌĠsultats oďseƌvĠs.  
 
Influence sur les Đoƌtğges d’espğĐes sapƌoǆǇliƋues 
Les ilots post-tƌaiteŵeŶt Ŷ’aďƌiteŶt pas plus d’espğĐes totales ou ƌaƌes Ƌue les ilots tĠŵoiŶ. 
L’aďoŶdaŶĐe totale des espğĐes est iŶflueŶĐĠe paƌ l’ouveƌtuƌe du ŵilieu, Ƌuel Ƌue soit le tǇpe de 
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plaĐette ĐoŶsidĠƌĠ. L’aďoŶdaŶĐe de la totalitĠ des espğĐes est de plus iŶflueŶĐĠe paƌ la diveƌsitĠ eŶ 
deŶdƌoŵiĐƌohaďitats à l’heĐtaƌe au seiŶ des plaĐettes post-tƌaiteŵeŶt. L’ouveƌtuƌe du ŵilieu et la 
diversité en dendromicrohabitats sont des variables reconnues pour fortement impacter la richesse 
spĠĐifiƋue, l’aďoŶdaŶĐe et la ĐoŵpositioŶ des ĐoŵŵuŶautĠs sapƌoǆǇliƋues ;Sverdrup-Thygesson et 
Ims, 2002 ; Horak et Rébl, 2013 ; Bouget et al., 2013 ; Larrieu, 2014).  
Les asseŵďlages d’espğĐes Ŷe soŶt iŶflueŶĐĠs par aucune des variables étudiées. Les compartiments 
d’haďitat aǇaŶt des effets positifs suƌ les asseŵďlages ;Bouget et al., 2014 ; Bouget et al., 2013) ne 
sont ici pas différents entre les deux types de traitement. De plus, leur quantité est faible 
comparativement aux volumes observés dans des zones non exploitées (Siitonen et al., 2000).  
 
Différence entre extension du cycle et mise en réserve temporaire ou définitive 
D’uŶ poiŶt de vue ĐoŶĐeptuel, les ilots de vieillisseŵeŶt soŶt ŵis eŶ plaĐe pouƌ satisfaire 
deux objectifs contraires : la production de bois de qualité et la préservation de la biodiversité. Ils 
permettent ainsi de produire des bois de grande qualité (Sardin, 2008 ; Jaret, 2004) tout en 
maintenant des structures reconnues comme favorables à la biodiversité (des arbres de fort 
diaŵğtƌeͿ. Mais, au seiŶ de Đes stƌuĐtuƌes, les opĠƌatioŶs d’eǆploitatioŶ foƌestiğƌe soŶt autoƌisĠes, si 
ĐeƌtaiŶes tiges vieŶŶeŶt à pƌĠseŶteƌ des dĠfauts susĐeptiďles d’iŵpaĐteƌ la valeuƌ ĠĐoŶoŵiƋue de 
l’aƌďƌe, ou des aƌbres voisins (ONF, 2009). Cette structure de conservation temporaire est différente 
des ͚teŵpoƌaƌǇ set aside eleŵeŶts’ dans lesquels toute intervention est proscrite, et le milieu est 
laissĠ eŶ liďƌe ĠvolutioŶ peŶdaŶt la duƌĠe d’eǆĐlusioŶ de l’eǆploitatioŶ. Ceci permet la reconstitution 
d’uŶe paƌtie des ĠlĠŵeŶts favoƌaďles à la ďiodiveƌsitĠ sapƌoǆǇliƋue ;Bouget et al., 2014) qui ne 
peuveŶt ġtƌe oďteŶus si l’eǆploitatioŶ est ĠgaleŵeŶt ŵaiŶteŶue.  
 
Surface critique des mesures conservatoires forestières 
Nous avioŶs pouƌ oďjeĐtif d’appoƌteƌ des ĠlĠŵeŶts pƌatiƋues à la ŵise eŶ plaĐe des ilots de 
vieuǆ ďois. Nous avoŶs eŶtƌepƌis de Đoŵpaƌeƌ l’effet des vaƌiaďles eŶviƌoŶŶeŵeŶtales susĐeptiďles 
d’ġtƌe iŵpaĐtĠes paƌ l’eǆteŶsioŶ de ƌotatioŶ suƌ les ĐolĠoptğƌes sapƌoǆyliques à deux échelles 
spatiales ƌestƌeiŶtes, Ϭ.ϯ et ϭha. Nous Ŷ’avoŶs oďseƌvĠ Ƌu’uŶ seul effet sigŶifiĐatif de la diveƌsitĠ eŶ 
ŵiĐƌohaďitats suƌ l’aďoŶdaŶĐe totale des espğĐes, Đelui-Đi ĠtaŶt effeĐtif à l’ĠĐhelle de l’heĐtaƌe. La 
surface minimale de 1ha pour les mesures de conservation de type ilots forestiers est mise en avant 
(Green Tree Retention (GTR) (Gustafsson et al., 2010) ou Woodland Key Habitats (WKH, Timonen et 
al, 2ϬϭϬͿͿ. CepeŶdaŶt, des suƌfaĐes de ĐoŶseƌvatioŶ plus gƌaŶdes de l’oƌdƌe de la ĐeŶtaiŶe d’heĐtaƌes 
sont requises pour obtenir une diversité et quantité importantes de bois mort continues au cours du 
temps (Lachat et Bütler, 2007), que des surfaces plus faibles auront du mal à générer.  
 
Piège écologique 
Un piège écologique se définit comme un habitat de faible qualité sélectionné par une 
espğĐe au lieu d’uŶ haďitat de ŵeilleuƌe ƋualitĠ ;BattiŶ, 2ϬϬϰͿ. DaŶs le Đadƌe des foƌġts, uŶ haďitat 
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de bonne qualité pour les espèces saproxyliques va être défini comme une zone suffisante pour 
générer une quantité et diversité de bois mort et dendromicrohabitats de manière continue dans le 
temps pour permettre le maintien des populations locales. Cette définition rassemble toutes les 
zones non exploitées de manière définitive telles les réserves et les ilots de sénescence. Par 
opposition, les habitats de mauvaise qualité seront les zones forestières restantes, les zones 
eǆploitĠes. Nous avoŶs ŵoŶtƌĠ Ƌu’il Ŷ’Ǉ avait pas de diffĠƌeŶĐe eŶ Ŷoŵďƌe d’espğĐes Ŷi d’aďoŶdaŶĐe 
totale entre les placettes témoin et les placettes post-traitement. Ceci indique que les zones post 
traitement ne sont pas de meilleure qualité que les zones témoin. Les zones post traitement (les ilots 
de vieillissement arrivés à terme) ne constituent de ce fait pas un plus grand piège écologique que les 
zones témoin.  
 
Conclusions et perspectives 
Nous avoŶs ŵis eŶ ĠvideŶĐe la ŶeutƌalitĠ de l’eǆteŶsioŶ de ƌotatioŶ de peupleŵeŶts ŵatuƌes 
avec maintien des activités sylvicoles vis-à-vis des caractéristiques structurelles du milieu. Aucun 
iŵpaĐt positif ou ŶĠgatif suƌ les Đoƌtğges de ĐolĠoptğƌes sapƌoǆǇliƋues Ŷ’a ĠtĠ dĠteĐtĠ. La stƌatĠgie 
de ƌalloŶgeŵeŶt du ĐǇĐle sǇlviĐole pouƌ les phases ŵatuƌes des peupleŵeŶts foƌestieƌs Ŷ’appaƌait 
pas comme une stratégie pertinente pour la conservation des coléoptères saproxyliques de chênaie 
de plaine du nord de la France.  
L’iŵpoƌtaŶĐe Ƌue peut avoiƌ l’eǆteŶsioŶ Đouƌte de ƌotatioŶ ;ϰϬaŶsͿ eŶ ŵilieu foƌestieƌ a 
cependant été mise en évidence par Lassauce et al, (2012) dans un sǇstğŵe de taillis. L’effiĐaĐitĠ de 
l’eǆteŶsioŶ du ĐǇĐle sǇlviĐole pouƌƌait ġtƌe diffĠƌeŶte eŶtƌe les tƌaiteŵeŶts sǇlviĐoles et des duƌĠes. 
La compréhension de ces phénomènes en fonction des contextes nécessite des recherches sur 
d’autƌes ĐoŶteǆtes ;taillis sous futaie, peupleŵeŶt ŵĠditeƌƌaŶĠeŶs, foƌġts de ŵoŶtagŶe…Ϳ.  
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Tables 
 
Situation 
géographique 
Forêt (dept) 
Nombre 
total de 
pièges 
Témoin 
Post-
traitement 
Centre Saint Palais 9 6 3 
E Lisle 12 3 9 
E Mont-Dieu 6 4 2 
E Signy l'Abbaye 9 3 6 
E Traconne 6 3 3 
E  Bezange 9 1 8 
W Bercé 6 3 3 
W Candé 6 3 3 
W Loches 6 2 4 
W Montgoger 6 4 2 
W Réno-Valdieu 6 3 3 
Total général 81 35 46 
Tableau 1 : ‘ĠpaƌtitioŶ des piğges au seiŶ des ϭϭ foƌġts d’Ġtude. « Situation géographique » : 
Appartenance au quart Nord-Est de la France (E); Nord-Ouest (W) ou au Centre. « Forêt (dept) » : 
Noŵ de la foƌġt d’Ġtude aveĐ dĠpaƌteŵeŶt iŶdiƋuĠ eŶtƌe paƌeŶthğses. TĠŵoiŶ : placettes avec une 
pƌopoƌtioŶ d’aƌďƌes au DBH compris entre 70 et 79 > 70% ; Post-traitement : placettes avec une 
pƌopoƌtioŶ d’aƌďƌes au DBH supérieur à 80cm > 30%.  
Openness 
Surface cumulée de trouées dans la canopée estimée dans un rayon 
de 20m autour du piège. Valeur exprimée en pourcentage 
d'ouverture du milieu 
BMT Volume total de bois mort (m3/ha) 
divbm 
Diversité du bois mort (espèce*diamètre*décomposition du 
bois*degré décollement écorce) 
nbmh20 
Nombre total de dendromicrohabitats portés par les arbres de 
DGH>70cm dans un rayon de 20m autour du piège 
nbmh56 
Nombre total de dendromicrohabitats portés par les arbres de 
DGH>70cm dans un rayon de 56m autour du piège 
divmh20 
Nombre total de types différents de dendromicrohabitats portés par 
les arbres de DGH>70cm dans un rayon de 20m autour du piège 
divmh56 
Nombre total de types différents de dendromicrohabitats portés par 
les arbres de DGH>70cm dans un rayon de 56m autour du piège 
meannbMH.tree.70_20m 
Nombre moyen de dendromicrohabitats portés par les arbres de 
DBH>70cm dans un rayon de 20m autour du piège 
meannbMH.tree.70_56m 
Nombre moyen de dendromicrohabitats portés par les arbres de 
DBH>70cm dans un rayon de 56m autour du piège 
meandivmh20 
Nombre moyen de types différents de dendromicrohabitats portés 
par les arbres de DBH>70cm dans un rayon de 20m autour du piège 
meandivmh56 
Nombre moyen de types différents de dendromicrohabitats portés 
par les arbres de DBH>70cm dans un rayon de 56m autour du piège 
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Tableau 2 : Variables environnementales utilisées. 
 
 
Cat1 (< 30% DBH>79) Cat2 (> 30% DBH>79) Sign 
Openness 0.2 (0.11568212) 0.1913043 (0.08452767) ns 
BMT 21.45005 (15.34211) 22.37995 (13.92938) ns 
divbm 8.114286 (2.730777) 8.173913 (2.293027) ns 
nbmh20 2.514286 (1.930733) 3.891304 (3.253909) * 
nbmh56 10.02857 (6.723469) 14.30435 (6.383554) ** 
divmh20 1.428571 (0.9166985) 1.934783 (0.9522412) * 
divmh56 2.514286 (1.541035) 3.434783 (1.128464) ** 
meannbMH.tree.70_20m 0.9488095 (0.9027512) 1.0792443 (0.7608256) ns 
meannbMH.tree.70_56m 0.8094683 (0.4261202) 0.925526 (0.3644479) ns 
meandivmh20 0.6378571 (0.721182) 0.6121032 (0.3835863) ns 
meandivmh56 0.2369212 (0.1665653) 0.2320187 (0.09612614) ns 
Tableau 3 : Résultats des différences structurelles observées entre les placettes avant extension de 
rotation, et les placettes post extension. Test de Kruskal-Wallis. 
 
 
 
Placettes témoin Placettes post-traitement 
 
Toutes espèces  Espèces rares Toutes espèces  Espèces rares 
 
Richesse 
spécifiqu
e 
Abon
dance 
Richesse 
spécifique 
Abon
dance 
Richesse 
spécifique 
Abon
dance 
Richesse 
spécifique 
Abon
dance 
BMT ns ns ns ns ns ns ns ns 
divbm ns ns ns ns ns ns ns ns 
nbmh20 ns ns ns ns ns ns ns ns 
nbmh56 ns ns ns ns ns ns ns ns 
divmh20 ns ns ns ns ns ns ns ns 
divmh56 ns ns ns ns ns * ns ns 
Openness ns ** ns ns ns ** ns ns 
meannbMH.tr
ee.70_20m 
ns ns ns ns ns ns ns ns 
meannbMH.tr
ee.70_56m 
ns ns ns ns ns ns ns ns 
meandivmh20 ns ns ns ns ns ns ns ns 
meandivmh56 ns ns ns ns ns ns ns ns 
Tableau 4 : Résultats des lmer et glmer. 
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Synthèse de l’article 3 
 
Article Problématiques 
Résultats 
Habitat 
Résultats coléoptères 
saproxyliques 
Points discutés 
Questions 
soulevées 
Perspectives d'étude Conclusions 
3 
Quel est l’iŵpaĐt des 
extensions des cycles 
sylvicoles avec maintien de 
l’aĐtivitĠ fiŶale d’eǆploitatioŶ 
sur les compartiments 
écologiques bois mort et 
dendromicrohabitats ?  
 
Quel est l’iŵpaĐt de Đes 
modifications de milieu sur 
les assemblages de 
coléoptères saproxyliques ? 
Aucun 
effet 
Placettes témoin: Richesse 
spécifique: Toutes espèces: pas de 
réponse. Espèces rares: pas de 
réponse. Abondance: Toutes 
espèces: Ouverture du milieu. 
Espèces rares: pas de réponse.  
 
Placettes post-traitement: 
Richesse spécifique: Toutes 
espèces: pas de réponse. Espèces 
rares: pas de réponse. 
Abondance: Toutes espèces: 
Ouverture du milieu; diversité en 
dendromicrohabitats à l'hectare. 
Espèces rares: pas de réponse.  
 
Assemblages: pas de réponses de 
la part des variables étudiées 
Durée de non 
exploitation pour 
observer des 
modifications 
d'habitat. Durée 
d'extension de 
rotation.  
Les zones 
exploitées à 
retardement 
sont-elles des 
pièges 
écologiques? 
 
 Peuvent-elles 
servir de source 
pour les 
peuplements 
voisins?  
Etudier de plus 
longues périodes 
d'extension de 
rotation. Étudier 
l'impact des ilots de 
vieillissement (ou 
peuplements matures) 
sur les populations de 
zones voisines.  
Pas d'effet positif 
ou négatif des ilots 
de vieillissement 
pour la diversité 
des coléoptères 
saproxyliques. 
 
Tableau 5 : Extended rotations in french oak forests do not enhance saproxylic beetle diversity. Problématiques, résultats, éléments particuliers discutés, 
nouvelles pƌoďlĠŵatiƋues posĠe, peƌspeĐtives d’Ġtudes à eŶvisageƌ et ĐoŶĐlusioŶs pƌiŶĐipales de l’aƌtiĐle.  
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Partie II : Les éléments non forestiers 
 
Les ĐoŶstituaŶts de la TTVB eŶ ŵilieu ŶoŶ foƌestieƌs soŶt diveƌsifiĠs. Il peut s’agiƌ d’uŶe ďaŶde 
d’aƌďƌes ƌiveƌaiŶs à uŶ Đouƌs d’eau, uŶ ďosƋuet, uŶ paƌĐ de ville, uŶ aligŶeŵeŶt, uŶ aƌďƌe isolĠ daŶs 
uŶ jaƌdiŶ ou uŶ Đhaŵp…. L’ĠvaluatioŶ de leuƌ paƌtiĐipation à la conservation des coléoptères 
sapƌoǆǇliƋues est uŶ sujet ƌĠĐeŶt. La ƋuaŶtitĠ de Đes ĠlĠŵeŶts iŵpliƋue la ŵise eŶ plaĐe d’uŶ 
dispositif d’ĠĐhaŶtilloŶŶage ĐoŶstituĠ de Ŷoŵďƌeuǆ piğges si la ĐoŶtƌiďutioŶ de ĐhaĐuŶ de Đes 
éléments doit être évaluée au regard des autres.  
Nous avons choisi de nous intéresser à une structure particulière, les arbres isolés. Ces arbres sont 
des structures ponctuelles dans le paysage et constituent des points de concentration de la 
biodiversité (Manning et al., 2006). La proďaďilitĠ Ƌu’uŶ ĠvğŶeŵeŶt ĐatastƌophiƋue iŵpaĐte l’aƌďƌe 
est accrue par son isolement ;la pƌoďaďilitĠ d’ġtƌe iŵpaĐtĠ diŵiŶue aveĐ l’augŵeŶtatioŶ du Ŷoŵďƌe 
de cibles possibles). Leur intérêt pour la conservation est de ce fait disproportionné par rapport à 
d’autƌes ĠlĠŵeŶts ĐoŶstituĠs de plus d’arbres (Fischer et al., 2010).  
Nous avoŶs Đhoisi d’Ġtudieƌ la ĐoŶtƌiďutioŶ ƌelative des chênes isolés à la conservation des 
ĐolĠoptğƌes sapƌoǆǇliƋues daŶs uŶe ŵatƌiĐe agƌiĐole daŶs deuǆ paǇsages atelieƌs, l’Allieƌ et l’YoŶŶe. 
Cinq sites forestiers et non forestiers ont été échantillonnés de manière appariée. Les 
ĐaƌaĐtĠƌistiƋues stƌuĐtuƌelles de l’aƌďƌe poƌteuƌ du piğge aiŶsi Ƌue diveƌses vaƌiaďles 
environnementales ont été comparées entre milieu forestier et milieu non-forestier. Les facteurs 
ƌĠgissaŶt les asseŵďlages d’espğĐes eŶ et hoƌs foƌġt oŶt ĠtĠ eǆploƌĠs.  
 
Les pƌeŵieƌs ƌĠsultats iŶdiƋueŶt Ƌue le Ŷoŵďƌe d’espğĐes eŶtƌe foƌġt et aƌďƌes isolĠs Ŷ’est pas 
significativement différent, mais que seulement 50% des espèces sont communes entre les deux 
ŵilieuǆ. La ƌeĐheƌĐhe d’espğĐes iŶdiĐatƌiĐes de ĐhaĐuŶ des ĐoŶteǆtes ;foƌestieƌ et aƌďƌes isolĠͿ a 
révélé que chaque milieu possède des espèces caractéristiques. Enfin, les déterminants de la richesse 
en espèces et de la composition des assemblages de coléoptères saproxyliques diffèrent en forêt et 
en milieu non forestier.  
 
Nos résultats permettent de désigner les arbres isolés comme structures prioritaires de conservation 
à l’Ġgaƌd des ĐolĠoptğƌes sapƌoǆǇliƋues, eŶ atteŶdaŶt Ƌue l’ĠvaluatioŶ des autƌes ĠlĠŵeŶts ŶoŶ-
foƌestieƌs soit ĐoŶduite. L’eǆploƌatioŶ de la ĐoŶtƌiďutioŶ d’autƌes esseŶĐes ligŶeuses Ƌue le ĐhġŶe 
devra également être conduit.  
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Abstract:  
Nowadays, most of the saproxylic biodiversity conservation effort is focused on forests, and 
most responsibilities lies on forest managers. Solitary trees are of major interest for biodiversity 
conservation, in particular for saproxylic species. Few is known about their relative contribution to 
saproxylic diversity respect to forests. Using the particular group of saproxylic beetles, we studied 
five forest and solitary related trees sites in France in a paired design. We described the trap bearing 
tree structure and environmental characteristics. Our results highlighted major structural differences 
between forest and solitary tree contexts. We found as many microhabitats per Ha in forest as 
solitary context. Saproxylic beetles species richness nor abundance was not different between forest 
and solitary tree context. However, species assemblages were strongly dissimilar, with specialist 
species for each of our studied contexts. Also, main drivers of total and rare species richness or 
assemblages were closely related to trap bearing tree characteristics, in particular microhabitat 
number and diversity.  
We discuss about the importance of solitary trees conservation and the possible example of 
oak solitary trees for forest habitat and retention trees at final harvesting.  
Key-words: Saproxylic beetle, France, solitary tree, oak, habitat tree, retention tree. 
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Introduction:  
1. Oak as a key tree species for saproxylic biodiversity 
Saproxylic species depends on dead wood or tree microhabitats like cavities, bark loss or 
deadwood related fungi (Alexander, 2008). Numerous species are polyphagous on deciduous or 
conifer trees. Some are even polyphagous on both tree types like Morimus asper (Coleoptera, 
Cerambicydae). But there are also tree specialists. Some saproxylic beetle species are related to 
particular tree species like Xylotrechus rusticus for aspen in Fennoscandia (Sahlin and Schoreder, 
2010), or Osmoderma eremita, mostly founded in oak cavities (Ranius and Nilsson, 1997). Among 
tree species, oak supports the richest and specialized (Jonsell et al., 1998) saproxylic beetle 
community In Sweden (Palm, 1959), but also in Europe (Vodka et al., 2009). Moreover, oak 
associated saproxylic beetles are one of the most endangered organisms groups in Europe (Jansson 
and Cozkun, 2008; Nieto and Alexander, 2010).  
 
2. Habitat trees vs deadwood as keystone structures for saproxylic biodiversity 
Deadwood volume and diversity are well known drivers of saproxylic beetles species richness and 
assemblages. But, according to Lassauce et al, (2011), the importance of dead wood strongly 
depends on forest context. Dead wood volume influence on saproxylic beetles was higher in boreal 
forests rather than temperate forests. Bouget et al, (2013) founded dead wood diversity to be more 
important for saproxylic beetles than dead wood volume in temperate forests. Microhabitats were 
more efficient drivers of species richness than dead wood volume was in temperate forests. 
According to Larrieu and Cabanettes (2012), tree microhabitat probability occurrence is not the same 
among tree species. This probability is higher on deciduous trees rather than coniferous trees. It also 
iŶĐƌeases ǁith tƌee diaŵeteƌ. Tƌees ǁith ŵiĐƌohaďitat aƌe Đalled ͚haďitat tƌees’ aŶd aƌe espeĐiallǇ 
useful for saproxylic biodiversity conservation (Larrieu, 2014).  
 
Oak sustain a large number of species across Europe. Besides, habitat trees are of primal interest 
for saproxylic beetle conservation. In managed temperate oak (or oak mixed) forests, habitat oak 
trees are logically of first interest for saproxylic beetles conservation.  
 
3. Forest vs non-forest elements into saproxylic habitat networks 
An old-growth forest possesses typical structural elements like large standing dead trees, and a 
high number and diversity of habitat trees (Gilg, 2004). Such elements disappeared in managed 
harvested forests, or are less frequent (Siitonen et al., 2000). Together, they constituted a network of 
high quality habitat inside a harvested forest matrix. Saproxylic beetles species did not only rely on 
forest habitats. Urban parks (Jonssel, 2004; 2012), hedgerows (Dubois et al., 2009), or solitary trees 
(Sverdrup-Thygesson et al., 2010) are also supporting saproxylic rich species communities. Such 
elements are in general constituted by native large trees species (Manning et al., 2006).  
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Forest harvesting impacted European forest for millennia (Grove, 2002a). Forest disappearance 
leads to total habitat surface reduction and increased distance between forest patches (Tscharntke 
et al., 2002). In such fragmented landscape, non-foƌest eleŵeŶts aƌe steppiŶg stoŶes aŶd ͚lifeďoats’ 
for saproxylic species (Matveinen-Huju et al., 2006).  
 
4. Relative contribution of forest vs non-forest oak trees to associated biodiversity 
Forest and wooded non-forest elements are both parts of a landscape network of suitable 
habitats for saproxylic organisms. Long unmanaged or old-growth forests are known to be high 
conservation areas for saproxylic biodiversity. I contrast, the role of non-forest wooded elements in 
saproxylic biodiversity conservation is poorly known. Some studies enlighten the importance of such 
elements (Jonsell, 2004, 2012), but few ones compared them to related forests habitats (Sverdrup-
Thygesson et al., 2010).  
Based on a paired design study between ok forests and solitary trees in 5 sites in French 
mainland, we address the following questions:  
- Importance of forest vs non-forest oak trees for biodiversity conservation? 
- Are solitary trees keystone structures for biodiversity conservation? 
- Which tree attributes affect the ecological value of oak trees for spx biodiversity? 
 
Material and methods: 
Study area 
We studied 5 French Oak forests, 3 in the Allier French department and 2 in the Yvelines 
French department. EaĐh of theŵ ǁas Đalled a ͚site’ iŶ the folloǁiŶg teǆt. ϴϴ tƌaps ǁeƌe set up, ϰϰ iŶ 
forest and 44 on solitary trees; in a paired design (Tab. 1). In the Yvelines French department, forests 
were public forests. Solitary trees were in restricted areas used for presidential hunting. The 
particular management policy promotes wild game populations. It resulted in an open area matrix 
with very small patches of vegetation, with two or three large trees inside (trees with DBH>70cm).  
In the Allier French department, forests were private forest. Solitary trees were found in 
private agro pastoral landscape, and are nowadays useless propriety separations.  
Solitary trees can be strongly human impacted, due to pollarding (Sebek et al., 2013) or cattle 
grazing damages. We compared forest trees with the closest aspect as possible as solitary trees. In 
forest, selected management type was coppice with standards.  
 
Data collection (Beetle data) 
Flying saproxylic beetles were sampled by using cross-vane flight interception traps 
(PolytrapTM). In forest context, traps were grouped by pairs or triplets in forests stands. In each pair 
or triplet, traps were separated by at least 20m. Each group of traps was distant from 100m at least. 
In solitary tree context, we used only one trap per tree. Each trap in solitary tree condition was 
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separated by another one by 20m at least. As tree DBH influenced saproxylic beetles species richness 
(Ranius and Jansson, 2000), we chose trees with similar DBH between forest and solitary contexts.  
Traps were hanged out at the first >35cm crown branch of large Oak trees. The active insect 
fauna was collected in 2013, from April to August. Conservative non-attractive liquid was made with 
50% Mono Propylene Glycol (MPG), water, salt and tension-active agent (detergent).  
The following saproxylic families, often difficult to identify at the species level (Clambidae, 
Dryopidae, Ptiliidae, Scirtidae, Staphylinidae incl. Scaphidiinae), were removed from the dataset. For 
each species in all the taxa from the remaining ±50 families recorded, we characterized the degree of 
geographic rarity in France according to the FRISBEE database 
(http://frisbee.nogent.cemagref.fr/index.php/en/).  
We computed total species richness, total species abundance rare species richness and rare 
species abundance at the trap level. We focused on species richness because it seemed to be 
positively related to ecosystem functioning (Hector and Bagchi, 2007). A species-rich stand (in 
particular for rare species) will indicate a well working (i.e functioning) ecosystem or habitat.  
 
Environmental variables 
All field measurements were made in winter, to facilitate field work and access through 
ferns. Without leaves, more light passes through the branches and microhabitats in the top of trees 
were easier to observe. 
As our lowest sampling unit was a trap on a large tree, all environmental variables were 
measured at the trap level, or around him. The trap bearing tree (TbT) was also described.  
Dead wood measurements were made at a radius of 10m, 20m and 56 m around each trap. 
Small (between 2.5 to 32.5 cm in diameter) lying dead wood volume was estimated with three 20m-
long transects at 0; 133 and 267 grad around the trap; Medium (between, 7.5 and 32.5cm diameter) 
standing dead wood volume was estimated in a radius circle of 10m around each trap. Large (more 
than 32.5cm diameter) lying and standing dead wood volume was assessed in a 20m radius circle 
around each trap. All volumes were converted at the Ha scale.  
We characterized seven types of micro-habitats (or groups of microhabitats) favorable to 
saproxylic species: cavities (empty, woodpecker holes, dendrothelms…Ϳ, bark (bark detachment, 
crack in the trunk), visible wood (wood without bark, rotten or not), fungi (wood decaying polypore, 
sap runs), ivy (at least on 25% of the tree), crown (broken crown, broken main branch or more than 
20% of crown is dead wood) and burls. Microhabitat diversity and density were assessed on large oak 
trees in a 20m and a 56m radius around TbT (included). Density of large trees (DBH>70cm) was 
assessed in the 20m and 56m radius around each trap. We defined the Openness as the proportion of 
canopy openness in a radius of 20m around each trap. All used variables were summarized in Table 2.  
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Analyses 
Our main objectives were to compare (i) species richness and abundance between forest and 
solitary trees (ii) saproxylic beetle assemblages between forest and solitary trees and (iii) their drivers 
of such richness and assemblages.  
We used a Kruskal-Wallis to test the differences in mean values of environmental variables between 
forest and solitary trees context.  
We used Gaussian or Poisson GLMM (Generalized Liner Mixed Models) to investigate species 
richness differences between forest or solitary tree contexts on species richness and abundance, 
ǁith ͞site͟ as a spatiallǇ-implicit random effect on the intercept (lmer function in lme4 R-package). 
Since we founded a close correlation between total abundance and the number of beetle species 
recorded on a plot, we used the number of individuals as a covariate in separate richness models 
(Gotelli and Colwell, 2001) to separate the effects on the number of individuals from species effects. 
Some of our traps on solitary tree context were destroyed by weather conditions and do not bring 
any data on some of three sampling months. Species differs between one sampling months from the 
other (Nageleisen and Bouget, 2009). We created a corrective factor based on successful traps 
sampling each month to take into account the missing data when dealing with species richness. We 
used the log of this corrected factor as an offset in our models. Significance of tested variables on 
beetles richness or abundance was assessed in forest, solitary or both condition pooled together. We 
compared the model fit including the tested variable to the model fit without this particular 
coefficient with a likelihood ratio test to assess his significance.  
We performed a spatially constrained ANOSIM with a home-made function to compare 
species composition between forest and solitary tree contexts.  
Using Carvhalo et al, (2013) approach, we investigated the assemblage dissimilarity between 
foƌest aŶd solitaƌǇ tƌee ĐoŶteǆts. This appƌoaĐh alloǁs distiŶguishiŶg the paƌt of total asseŵďlage’s 
dissimilarity due to species replacement (turnover) or richness differences (nestedness).  
We used IndVal procedures (DeCaceres and Legendre, 2009), to pull out indicator species of 
both contexts. We used a 0.05 significance level and 1000 run as parameters.  
To rank the effect of the environmental variable among structural predictors on variations in 
species composition (including singletons), we performed a Canonical Analysis of Principal 
Coordinates (vegan R-package, CAP, Anderson and Willis, 2003). Based on Jaccard distance matrices, 
we carried out inertia partitioning on all explanatory environmental variables, since co-linearity 
among predictor variables is not considered to be a problem in CAP.  
In the end, we explored the environmental drivers of species (all or rare) richness and 
abundance between both mixed and separated contexts using GLMM, ǁheƌe ͞site͟ ǁas a spatiallǇ-
implicit random effect on the intercept. Significance of tested environmental drivers on beetles 
richness or abundance was assessed in forest, solitary using a likelihood ratio test between the 
models with and without the predictor.  
As habitat thresholds are useful to define targets for nature conservation (Müller and Bütler, 
2010), we used recursive partitioning (Hothorn and Zeileis, 2008) to search for thresholds in the 
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significant models related with microhabitat number and diversity. The thresholds are derived from 
estimates of breakpoints revealed in maximally selected two-sample statistics. Their validity is judged 
by multiple test procedures. This method provides a decision tree with p-values for one or more 
critical thresholds. Based on 1000 bootstrap samples, a confidence interval (IC; 95%) was calculated 
for all thresholds. The significant p-value for thresholds was set at p<0.01. Each of the two groups 
separated by a threshold had to contain at least eight samples to be selected.  
 
All analyses were carried out with the R 3.1.0 (R Core Team, 2013) software.  
 
Results: 
Overall, the compiled dataset included 21178 speĐiŵeŶs. AŵoŶg theŵ, ϱϳϯ ďeetle’s speĐies 
were identified. A total of 422 species were saproxylic (73%) and represent 13174 individuals (62% of 
total individuals caught). We found 302 saproxylic species in forest stands and 342 in solitary trees 
stands. Rare species accounted for 11% in forest and 14% in solitary trees context.  
Stand differences between forest and solitary tree context 
Among the eleven environmental variable studied, nine were significantly different between 
tree context (forest or solitary). Openness was higher in solitary trees context than in forest tree 
context (Fig. 1a). As a contrary, deadwood volume was higher in forest than in solitary tree context 
(Fig. 1b). We observed a higher number (Fig. 1c) and diversity (Fig. 1d) of saproxylic micro-habitats on 
solitaƌǇ thaŶ oŶ foƌest TďT’s. The number of microhabitats supported by large trees was higher in a 
20m radius around the trap in solitary tree context (Fig. 1e), and was not different in a 56m radius 
around trap (Fig. 1f). Microhabitat diversity was higher in solitary context than in forest tree context, 
at 20m radius (Fig. 1g) as at a 56m radius (Fig. 1h). The number of tree cavities was higher in solitary 
tree context than in forest tree context at a 20m radius scale around trap (Fig. 1i). There was no 
difference in the number large trees in a 20m radius around trap (Fig. 1j). Therefore, there were 
more large trees at a 56m radius around trap in forest than in solitary context (Fig. 1k). For further 
details on values, see Tab. 3.  
 
Species richness and abundance between forest and solitary tree context 
Nor total or rare species richness, abundance or species richness using the number of 
individuals as a covariate in separate richness models were significantly different from forest or 
solitary trees context.  
 
Drivers of species richness and abundance  
Forest tree context 
In forest context, we did not found any significant driver of total species richness among studied 
environmental variables (Tab. 4).  
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Species abundance in forest was positively drived by TbT DBH, (Fig. 2a) and the number of 
cavities on large trees in a 20m radius around TbT (Fig. 2b).  
We did not found any significant driver of species richness when using the number of individuals 
as a covariate in separate richness models among our environmental variables.  
Rare species richness and rare species richness using the number of individuals as a covariate in 
separate richness models were negatively influenced by the diversity of microhabitats on large trees 
in a 56m radius around the trap (Fig. 2c), the decrease being lower under a threshold of 2 
microhabitats.  
Solitary tree context 
In solitary tree context only, total species richness was positively influenced by TbT 
characteristics; TbT DBH (Fig. 3a). Threshold-type relations were found for the diversity of 
microhabitats born by the TbT (Fig. 3b) and total number of microhabitats born by the TbT (Fig. 3c) 
effects on total species richness. TbT with a higher number of microhabitats hosted higher species 
richness. The increase in species number was important before a threshold of 4 microhabitats (IC, 
1;4). When TbT microhabitat diversity was over 3 (IC; 0;4), species accumulation curve was slightly 
decreasing, but with very high sd values. All other environmental variables did not significantly 
influence total species richness.  
Total species abundance was not significantly influenced by TbT DBH. Therefore, both TbT 
microhabitat number (Fig. 3d) and diversity (Fig. 3e) significantly influence all species abundance, 
with threshold-type relations. Individuals abundance accumulation rate was higher before the a 
threshold of 3 microhabitats number (IC, 1;6). Accumulation rate was similar between and after the 
threshold of 2 microhabitats diversity for abundance accumulation rate (IC, 1;4). An increase in 
microhabitat diversity in a 56m radius positively affects total species abundance (Fig.3f) without 
detected threshold. All other environmental variables did not show any significant response.  
 
In solitary tree context only, rare species richness was positively influenced by TbT microhabitat 
number (Fig. 4a) and diversity (Fig. 4b) in threshold-types relations. We observe an increase in rare 
species richness after a threshold of 4 microhabitats per TbT (IC, 1;6), and a slight decrease after a 
threshold of 3 microhabitat types (IC, 1;4). Also, microhabitat diversity in a 56m radius significantly 
affects rare species richness, in a threshold-type relation. After a threshold of 3 (IC, 2;4) microhabitat 
types, rare species richness accumulation rate strongly increases (Fig. 4c). All other environmental 
variables did not show any significant response.  
Rare species abundance was significantly influenced by TbT diversity of microhabitats (Fig. 4d). 
The individuals accumulation rate was therefore constant before and after a threshold of 1 
microhabitat (IC, 0;4). Stand openness was also a significant driver of rare species abundance (Fig. 
4e).  
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SpeĐies asseŵďlage’s ďetǁeeŶ foƌest aŶd solitaƌǇ tƌees 
a) ANOSIM (All species, rare species) 
A spatially constrained ANOSIM revealed significant species assemblages between forest and solitary 
tƌees ĐoŶteǆt’s, foƌ ďoth all aŶd ƌaƌe speĐies ;p<Ϭ.ϬϬϭͿ.  
b) Dissimilarity approach (All species, rare species) 
All species assemblages mean dissimilarity was about 0.47. Most of the dissimilarity was due to 
species turnover between forest and solitary trees conditions (90%, Tab. 5). For rare species, 
assemblages mean dissimilarity was higher, about 0.62. As for all species, the largest part of total 
dissimilarity was due to species replacement (92%, Tab. 6). For all and rare species, the remaining 
10% of dissimilarity were explained by nestedness, i.e supplementary species in one or the other 
assemblage.  
c) Indicator species for forest or solitary tree context (All species, rare species) 
Without indicator value restriction and using only the p-value (< 0.05) as a species indicator 
selection, we found 81 indicator species, 42 for forest tree context and 39 for solitary tree context 
(Tab. 7). Most of species had very low indicative power but are highly significant. For rare species, 
three characteristic species for forest and three for solitary tree context were set out by the analyses. 
There were Calambus bipustulatus (Elateridae), Isorhipis marmottani (Eucnemidae) and Trichoceble 
floralis (Dasytidae) for forest context and Pedostragalia revestita (Cerambycidae), Procraerus tibialis 
(Elateridae) and Brachygonus ruficeps (Elateridae) for solitary trees context.  
 
Drivers of species assemblages  
Forest 
In forest context only, Openness was the only driver of total species assemblages (3.90% of 
total inertia explained) among variables we used. No one of our variables was relevant for forest rare 
species assemblages (Tab. 8).  
Solitary 
In solitary tree context, TbT characteristics were the main variables driving total species 
assemblages. The most explanative one was the TbT DBH (4.23% of total inertia explained). Also, the 
total number of cavities on large trees in a radius of 20m around TbT and the diversity of 
microhabitats on large trees in a radius of 20m around trap were significant drivers of total species 
assemblages. 
For rare species, the number, diversity of TbT microhabitats and the diversity of 
microhabitats on large trees in a radius of 20m or 56m around trap were relevant drivers of species 
assemblages. The two most explanative factors were the diversity of TbT microhabitats and diversity 
of microhabitats in a 56m radius around trap (5.25% of total inertia explained). 
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Discussion: 
Forest and solitary tree characteristics 
We highlighted major structural differences between forest and solitary trees contexts. 
Openness was logically higher around solitary tree than forest trees. Also, deadwood volume was 
higher in forest than in solitary tree context. In contrary, the number and diversity of microhabitats 
ǁeƌe higheƌ oŶ solitaƌǇ thaŶ oŶ foƌest TďT’s. MeaŶ ŵiĐƌohaďitat deŶsitǇ peƌ tƌee iŶ ϭha staŶds ǁas 
not different between forest and solitary tree contexts. However, microhabitat diversity was greater 
on solitary trees than in forest context.  
 
Influence of context on saproxylic beetle assemblages associated to large oaks 
Are saproxylic beetle assemblages affected by the forest/solitary context?  
According to our results, richness was not different between forest and solitary trees 
contexts. Different species were hold by each oak tree context. We observe a similar trend (highly 
significant ANOSIM), with about 50% dissimilarity assemblages between forest and solitary trees 
context. About 90% of this dissimilarity was due to species turnover rather than species nestedness. 
We detect a large number of significant common indicator species for each of the studied tree 
contexts, even if their indicator value was low. In a Norway forest and solitary oak study, Sverdrup-
Thygesson et al, (2010) founded consistent results. They found no differences in total species 
richness, and 50% dissimilar assemblages between forest and solitary trees. Both contexts sustained 
specific species. Oleksa and Gawronski (2006) found two red listed beetles Osmoderma eremita and 
Protaetia marmorata to be solitary trees specialists, and being negatively impacted by an increase of 
forest in surrounding landscape. In our data, Protaetia marmorata was encountered in forest as in 
solitary trees. However, we found another large Cetoniidae species Cetonischema aeruginosa to be a 
significant solitary tree specialist.  
 
Rare species 
In our solitary trees dataset, 14% of species were rare species. Neither rare species richness 
nor abundance differences were found between both contexts. As for all species, rare species 
assemblages between forest and solitary tree context were 50% shared. A total of tree rare species 
were founded as specialist in each context. Rare species proportions in solitary trees seemed to be 
constant across Europe, as Sverdrup-Thygesson (2009) in Norway, Horak (2014) in Czech Republic, 
and Jonsell (2012) in Sweden founded same proportion of rare species in their data. Half shared rare 
species number between forest and solitary trees results are supported by Sverdrup-Thygesson et al, 
;2ϬϭϬͿ. ‘aƌe iŶdiĐatoƌs speĐies ǁeƌe faƌ less Ŷuŵeƌous thaŶ ĐoŵŵoŶ speĐies, as it’s geŶeƌallǇ 
observed (Schiegg, 2000). Among the three rare indicators species of each context, Calambus 
bipustulatus (Elateridae) was also pointed out by Bergmann et al, (2012) as a forest specialist.  
 
 
 172 
Chapitre III : Impacts locaux des éléments de la TTVB 
Are key drivers for saproxylic biodiversity the same in forest vs solitary contexts?  
Key drivers for saproxylic beetles biodiversity were not consistent between forest and 
solitary tree contexts. Few drivers of species richness or assemblages were found in forest context. In 
contrary, total or rare species richness were strongly influenced by all TbT variables. Solitary tree 
species assemblages were also driven by several TbT characteristics. Rare species assemblages were 
also stƌuĐtuƌed ďǇ oŶe of the TďT’s ĐhaƌaĐteƌistiĐs. Note that forest dead wood volume was not a 
significant driver of species richness, abundance or composition. This supports Lassauce et al, (2011) 
results.  
Several studies emphasis the importance of stand openness as a saproxylic beetle driver 
(Jonsell et al., 1998; Horak et al., 2014), in particular in Oak forests (Horak and Rebl, 2013). However, 
in solitary tree context, TbT characteristics were the main drivers of species (all and rare) 
assemblages, openness did not seems to play any significant role. The low variations in openness 
around solitary trees may not be a relevant variable for species assemblages. Sverdrup-Thygesson et 
al, (2010) founded the DBH of support tree to be one of the main drivers of red-listed species. In our 
data, the DBH of TbT was not a significant driver of rare species richness. This may be due to a low 
ƌaŶge iŶ TďT values, aŶd siŵilaƌ TďT DBH’s ďetǁeeŶ foƌest aŶd solitaƌǇ tƌee ĐoŶteǆts. Hoǁeveƌ, the 
number and diversity of microhabitats on TbT had a positive influence on rare species richness. 
Microhabitats are known to be valuable for saproxylic beetles local species richness (Bouget et al., 
2014; Larrieu, 2014).  
 
Solitary trees at stake for biodiversity conservation 
Solitary and forest trees supported the same number of saproxylic beetle species (Jonsell, 
2012), but only a half of them were shared (Sverdrup-Thygeson et al., 2010; Jonsell, 2012). This 
indicates a strong refuge value for saproxylic beetles for both elements and for biodiversity in 
general (Fischer et al., 2010). Solitary trees are slowly disappearing (Orlowski and Nowak, 2007). This 
is partly due to private owner, who, in order to facilitate crop work with large engines removes them, 
even if solitary trees does not impact crop production (Rivesta et al., 2013). Another threat to solitary 
trees –and associated biodiversity- is forest regrowth. Forest regrowth was found to be detrimental 
for many beetle species inhabiting on solitary trees (Ranius and Jansson, 2000). Solitary trees 
sustained a large number of species providing benefits for agriculture (like bees, Lentini et al., 2012), 
but not only. They hold solitary tree specialist species and some of them are of prior conservation 
interest, like the protected red-listed beetle Osmoderma eremita. They have a high conservation 
value as stepping stones for saproxylic biodiversity in nowadays highly fragmented agricultural or 
urban landscapes (Alvey, 2006; Saville et al., 1997).  
There is an urgent need for public policies to better take into account such structures, as 
forests alone cannot support the whole saproxylic biodiversity. They must be aware that unique 
conservation strategy is not enough to ensure their conservation (Schirmer et al., 2012).  
 
Should forest habitat trees mimic solitary trees? 
We found solitary trees to be of high importance for saproxylic beetle conservation, in 
particular for rare species. Tree DBH, microhabitat number and diversity as stand openness were 
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founded to be major drivers of species richness and composition. Moreover, solitary TbT associated 
species richness was related to microhabitat number and diversity thresholds, allowing concrete 
management recommendations (Müller and Bütler, 2010) for habitat tree selection. Solitary trees 
are managed in a different way than forest trees (Sebek et al., 2013). This particular management –
pollarding for example- allows a fast microhabitat creation, in particular cavities. Cavities are one of 
the most important micro-habitats for saproxylic biodiversity, and one of the most studied (Kraus 
and Krumm, 2013). View the fact that in managed forest stands, trees support less microhabitats 
than in reserve ones (Bouget et al., 2014; Winter and Möller, 2008; Larrieu and Cabanettes, 2012) 
and our forest stands were managed stands, we can suppose that total microhabitat number per Ha 
could be higher in natural forest than in solitary trees stands. Habitat active creation (Abrahamson et 
al., 2009; Ehnström, 2001) may not be needed to ensure sufficient densities of microhabitat bearing 
trees in forest, if sufficient well choosed habitat trees are set in place. Stand openness around such 
trees must be enhanced (Widerberg et al., 2012) but with great care (Franc and Götmark 2008) as it 
could also have negative effects on other saproxylic organisms (Norden et al., 2008).  
 
Conclusions and perspectives 
Our study provides elements promoting solitary tree conservation, and strongly sustains the 
green tree retentions practices at final harvesting (Gustafsson et al., 2010). Forest managers should 
focus on microhabitat bearing trees retention at final harvesting. But saproxylic beetles conservation 
not only relies on forests. Public policies should promote such solitary elements in both agricultural 
and urban landscapes.  
As solitary trees are slowly disappearing (Orlowski, 2007), nowadays assemblages may be 
͚liviŶg dead’ populatioŶs ;Kraus and Krumm, 2013; Kuussaari et al., 2009). Past structure of landscape 
distribution habitat can have influences on nowadays species assemblages (Ranius et al., 2008). 
Further studies should explore the past landscape effects on solitary trees species assemblages. Also, 
the role of solitary trees as stepping stones should be explored to determine how and at what scale 
they are used as relays between forests.  
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Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 (a to k): Environmental variable differences between forest and solitary trees context. Bars 
in boxplots are the median. Differences in mean values were assessed with Kruskal-Wallis test. Signif 
codes: (*** p<0.001, ** 0.01>p>0.001, * 0.05>p>0.01 NS: non-significant). 
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Figure 2 (a to c): significant relations between total species abundance and environmental variables in forest 
context. Dashed line: species accumulation rate. Continuous line: species accumulation rate before and after 
threshold (vertical line, T = threshold). The grey areas are the standard deviation of the accumulation rate 
curves. They are represented on the global species accumulation rate when no threshold appears, and on 
species accumulation rate before and after threshold lines when a threshold occurs. Signif codes: (*** p<0.001, 
** 0.01>p>0.001, * 0.05>p>0.01) 
 
Figure3 (a to f): Significant relations between total species richness or abundance and environmental variables 
in solitary trees context. Dashed line: species accumulation rate. Continuous line: species accumulation rate 
before and after threshold (vertical line, T = threshold). The grey areas are the standard deviation of the 
accumulation rate curves. They are represented on the global species accumulation rate when no threshold 
appears, and on species accumulation rate before and after threshold lines when a threshold occurs. Signif 
codes: (*** p<0.001, ** 0.01>p>0.001, * 0.05>p>0.01) 
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Figure 4 (a to e): significant relationship between rare species richness or abundance and environmental 
variables in solitary trees context. Dashed line: species accumulation rate. Continuous line: species 
accumulation rate before and after threshold (vertical line, T = threshold). The grey areas are the standard 
deviation of the accumulation rate curves. They are represented on the global species accumulation rate when 
no threshold appears, and on species accumulation rate before and after threshold lines when a threshold 
occurs. Signif codes: (*** p<0.001, ** 0.01>p>0.001, * 0.05>p>0.01) 
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Tables 
 
Forest Solitary Total 
MARCENAT (03) 9 11 20 
MARLY-LE-ROI (78) 8 8 16 
RAMBOUILLET (78) 10 9 19 
SOUVIGNY (03) 9 10 19 
YZEURE (03) 8 6 14 
Total 44 44 88 
Table 1 : Trap repartition. 
Variable Description 
FOREST Name of the forest or private area with solitary trees 
Tree context Trap context: forest tree or solitary tree 
BMT Total volume of dead wood 
TbT DBH Trap bearing Tree Diameter at Breast Height 
TbT 
microhabitat 
number 
Trap bearing Tree number of microhabitats. We consider seven different types of 
ŵiĐƌohaďitats: Đavities ;eŵptǇ, ǁoodpeĐkeƌ holes, deŶdƌothelŵs…Ϳ, ďaƌk ;ďaƌk detaĐhŵeŶt, 
crack in the trunk), visible wood (wood without bark, rotten or not), fungi (wood decaying 
polypore, sap runs), ivy (at least on 25% of the tree), crown (broken crown, broken main branch 
or more than 20% of crown is dead wood) and burls. 
TbT 
microhabitat 
diversity 
Trap bearing Tree diversity of microhabitats. 
nbcav20 
Total numbers of cavities supported by large trees in a radius of 20m around TbT. Cavities 
supported by the TbT are included.  
nbmh20 
Total numbers of microhabitats supported by large trees in a radius of 20m around TbT. 
Microhabitats supported by the TbT are included.  
nbmh56 
Total numbers of microhabitats supported by large trees in a radius of 56m around TbT. 
Microhabitats supported by the TbT are included.  
divmh20 
Total type numbers of microhabitats supported by large trees in a radius of 20m around TbT. 
Microhabitats supported by the TbT are included.  
divmh56 
Total type numbers of microhabitats supported by large trees in a radius of 56m around TbT. 
Microhabitats supported by the TbT are included.  
Openness Canopy openness estimated by single operator in a 20m radius around the Trap bearing Tree. 
nbtree>7020
m 
Total number of trees with DBH>70cm in a 20m radius around the Trap bearing Tree. The Trap 
bearing tree is included. 
nbtree>7056
m 
Total number of trees with DBH>70cm in a 56m radius around the Trap bearing Tree. The Trap 
bearing tree is included. 
SRtot Saproxylic beetle species richness per trap 
ABtot Saproxylic beetle abundance per trap 
SRrar Rare saproxylic beetle species richness per trap 
ABrar Rare saproxylic beetle abundance per trap  
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Table 2: Environmental variables used in the analyses. 
  Forest (SD) Isolated (SD) 
Kruskal test 
p-value 
Signif 
NbMH_ArbPort 1.409091 (0.6220066) 2.954545 (2.156165) 1.74E-05 *** 
DivMH_ArbPort 1.295455 (0.7014784) 2.204545 (1.533798) 0.002453 ** 
Openness 19.77273 (5.999471) 85.22727 (10.72676) 3.72E-16 *** 
nbcav20 0.1136364 (0.3210382) 1.068182 (1.06526) 8.79E-08 *** 
nbmh20 2.704545 (1.811841) 4.863636 (2.664067) 7.95E-05 *** 
nbmh56 9.340909 (4.477038) 8.090909 (3.690454) 0.2983 ns 
divmh20 1.704545 (0.9783599) 3.159091 (1.445815) 3.044E-06 *** 
divmh56 2.75 (1.102323) 3.886364 (1.333223) 4.81E-05 *** 
nbtree.7020m 2.204545 (1.339551) 1.931818 (1.108062) 0.4294 ns 
nbtree.7056m 8.181818 (4.25508) 3.863636 (2.416907) 9.77E-08 *** 
VBMT 13.81875 (11.66841) 7.390645 (14.32794) 1.17E-05 *** 
Table 3: Environmental and stand characteristic from Forest or solitary tree contexts. 
 
 
Forest Solitary 
 
Total species richness Rare species richness Total species richness Rare species richness 
 
Abond RS RS~log(Abond) Abond RS RS~log(Abond) Abond RS RS~log(Abond) Abond RS RS~log(Abond) 
BMT ns ns ns ns ns ns ns ns ns ns ns   
DBH_ArbP
ort 
** ns ns ns ns ns ns * ** ns ns   
NbMH_Arb
Port 
ns ns ns ns ns ns ** ** ** ns *   
DivMH_Ar
bPort 
ns ns ns ns ns ns ** ** * * *   
nbcav20 * ns ns ns ns ns ns ns ns ns ns   
openess ns ns ns ns ns ns ns ns * * ns   
nbmh20 ns ns ns ns ns ns ns ns ns ns ns   
nbmh56 ns ns ns ns ns ns ns ns ns ns ns   
divmh20 ns ns ns ns ns ns ns ns ns ns ns   
divmh56 ns ns ns ns * * * ns ns ns *   
nbtrees.70
20m 
ns ns ns ns ns ns ns ns ns ns ns   
nbtrees.70
56m 
ns ns ns ns ns ns ns ns ns ns ns   
Table 4: Context and environmental variables effects on species richness and abundance. 
 
 
  183 
Chapitre III : Impacts locaux des éléments de la TTVB 
 
 
 
  
Species 
nestedness 
Species 
turnover 
Total 
dissimilarity 
% species replacement 
from total dissimilarity 
Marly 0.01 0.37 0.39 96.63 
Rambouillet 0.02 0.40 0.42 95.11 
Yzeure 0.06 0.51 0.57 89.33 
Souvigny 0.06 0.46 0.52 88.00 
Marcenat 0.07 0.42 0.49 85.41 
mean 0.05 0.43 0.48 90.43 
Table 5: Dissimilarity partitioning results for all species. 
 
  
Species 
nestedness 
Species 
turnover 
Total 
dissimilarity 
% species replacement 
from total dissimilarity 
Marly 0.08 0.50 0.58 86.36 
Rambouillet 0.03 0.67 0.70 95.65 
Yzeure 0.06 0.60 0.66 91.30 
Souvigny 0.02 0.74 0.76 97.45 
Marcenat 0.05 0.38 0.43 87.50 
mean 0.05 0.58 0.62 92.33 
Table 6: Dissimilarity partitioning results for rare species. 
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Forest Species Context Indicator value probability Solitary tree Species Context 
Indicator 
value 
probability 
Melanotus_villosus Forest 0.767 0.001 Abdera_bifasciata Solitary 0.7609 0.001 
Cerylon_ferrugineum Forest 0.6589 0.001 Euglenes_oculatus Solitary 0.472 0.001 
Calambus_bipustulatus Forest 0.6555 0.001 Megatoma_undata Solitary 0.4679 0.001 
Mycetochara_maura Forest 0.6097 0.01 Grammoptera_ustulata Solitary 0.3826 0.001 
Nalassus_laevioctostriatus Forest 0.5988 0.001 Magdalis_flavicornis Solitary 0.3612 0.005 
Ptinus_subpillosus Forest 0.5649 0.001 Cis_pygmaeus Solitary 0.3387 0.004 
Stenagostus_rhombeus Forest 0.5474 0.001 Cryptolestes_duplicatus Solitary 0.3157 0.011 
Rhizophagus_bipustulatus Forest 0.5448 0.001 Gastrallus_laevigatus Solitary 0.3068 0.001 
Ampedus_quercicola Forest 0.5337 0.002 Atomaria_fuscata Solitary 0.3023 0.001 
Enicmus_rugosus Forest 0.5213 0.02 Dorcatoma_flavicornis Solitary 0.2955 0.001 
Isorhipis_marmottani Forest 0.5191 0.001 Globicornis_nigripes Solitary 0.2855 0.001 
Dacne_bipustulata Forest 0.5092 0.035 Ptinus_sexpunctatus Solitary 0.2775 0.002 
Cortodera_humeralis Forest 0.4786 0.003 Axinotarsus_marginalis Solitary 0.2727 0.001 
Ampedus_nigerrimus Forest 0.4688 0.001 Dermestes_lardarius Solitary 0.2727 0.002 
Hemicoelus_costatus Forest 0.4157 0.001 Pedostrangalia_revestita Solitary 0.2727 0.001 
Ampedus_pomorum Forest 0.3825 0.001 Tetrops_praeustus Solitary 0.2727 0.001 
Melasis_buprestoides Forest 0.3771 0.021 Dorcatoma_chrysomelina Solitary 0.25 0.001 
Litargus_connexus Forest 0.3455 0.002 Atomaria_linearis Solitary 0.2453 0.042 
Cetonia_aurata Forest 0.3209 0.006 Sphinginus_lobatus Solitary 0.2441 0.012 
Latridius_hirtus Forest 0.3182 0.001 Hylastinus_obscurus Solitary 0.2368 0.001 
Plegaderus_dissectus Forest 0.3037 0.008 Corticarina_minuta Solitary 0.2361 0.003 
Cryptophagus_scanicus Forest 0.2871 0.042 Cryptarcha_undata Solitary 0.2345 0.039 
Cis_fusciclavis Forest 0.2833 0.033 Alphitobius_diaperinus Solitary 0.2273 0.005 
Anisotoma_humeralis Forest 0.2668 0.05 Dasytes_aeratus Solitary 0.2182 0.025 
Aspidiphorus_lareyniei Forest 0.2654 0.029 Trox_scaber Solitary 0.2159 0.015 
Cis_micans Forest 0.2392 0.006 Dasytes_plumbeus Solitary 0.2143 0.003 
Platystomos_albinus Forest 0.2368 0.002 Procraerus_tibialis Solitary 0.2066 0.006 
Ennearthron_cornutum Forest 0.2364 0.014 Eulagius_filicornis Solitary 0.2059 0.036 
Rutpela_maculata Forest 0.2251 0.012 Mesocoelopus_niger Solitary 0.2045 0.003 
Corticaria_serrata Forest 0.2045 0.003 Dermestes_bicolor Solitary 0.1818 0.007 
Tillus_elongatus Forest 0.202 0.016 Protaetia_cuprea Solitary 0.1818 0.007 
Aplocnemus_impressus Forest 0.186 0.019 Malthinus_frontalis Solitary 0.1805 0.039 
Alosterna_tabacicolor Forest 0.1818 0.006 Atomaria_nigrirostris Solitary 0.1688 0.028 
Bibloporus_mayeti Forest 0.1731 0.036 Anobium_punctatum Solitary 0.1591 0.015 
Platycerus_caraboides Forest 0.1711 0.029 Abdera_quadrifasciata Solitary 0.1477 0.045 
Bibloporus_minutus Forest 0.1591 0.018 Orthocis_coluber Solitary 0.1414 0.05 
Coxelus_pictus Forest 0.1591 0.011 Protaetia_aeruginosa Solitary 0.1364 0.017 
Microrhagus_pygmaeus Forest 0.1591 0.012 Prionychus_ater Solitary 0.125 0.05 
Trichoceble_floralis Forest 0.1591 0.016 Brachygonus_ruficeps Solitary 0.1136 0.049 
Hylis_simonae Forest 0.1458 0.044     
Anoplodera_sexguttata Forest 0.1364 0.027     
Platydema_violaceum Forest 0.1364 0.02     
Table 7: Indicator species returned by the IndVal analyses. Rare species are in bold. 
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All species Rare species 
  
Total contribution to inertia Total contribution to inertia 
    Var % signif Var % signif 
Forest 
BMT 0.29 2.77 ns 0.34 3.3 ns 
DBH_ArbPort 0.3 2.81 ns 0.34 3.34 ns 
NbMH_ArbPort 0.31 2.89 ns 0.27 2.58 ns 
DivMH_ArbPort 0.32 3.05 ns 0.27 2.63 ns 
nbcav20 0.26 2.42 ns 0.2 1.98 ns 
openness 0.41 3.9 ** 0.33 3.21 ns 
nbmh20 0.29 2.72 ns 0.24 2.35 ns 
nbmh56 0.3 2.84 ns 0.27 2.62 ns 
divmh20 0.29 2.5 ns 0.29 2.81 ns 
divmh56 0.31 2.67 ns 0.19 1.84 ns 
nbtree.7020m 0.23 2.13 ns 0.21 2.05 ns 
nbtree.7056m 0.32 3.04 ns 0.21 2.06 ns 
Solitary 
BMT 0.41 2.93 ns 0.38 3.32 ns 
DBH_ArbPort 0.59 4.23 ** 0.47 4.06 ns 
NbMH_ArbPort 0.58 4.18 ** 0.59 5.1 ** 
DivMH_ArbPort 0.54 3.9 * 0.61 5.27 ** 
nbcav20 0.5 3.6 * 0.42 3.63 ns 
openness 0.32 2.33 ns 0.29 2.54 ns 
nbmh20 0.45 3.25 ns 0.44 3.84 ns 
nbmh56 0.41 3.46 ns 0.53 4.58 * 
divmh20 0.48 2.96 * 0.55 4.75 * 
divmh56 0.41 2.96 ns 0.61 5.27 * 
nbtree.7020m 0.38 2.72 ns 0.38 3.33 ns 
nbtree.7056m 0.4 2.85 ns 0.38 3.31 ns 
Table 8: CAP analyses results. Environmental drivers of species assemblages. 
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Synthèse de l’article 4 
Article Problématiques Résultats Habitat Résultats coléoptères saproxyliques Points discutés 
Questions 
soulevées 
Perspectives 
d'étude 
Conclusions 
4 
Quelle est 
l'importance relative 
des arbres solitaires 
par rapport à la forêt 
pour la conservation 
des coléoptères 
saproxyliques?  
 
Les arbres solitaires 
sont-ils des structures 
clés pour la 
conservation des 
espèces 
saproxyliques? 
 
Quelles sont les 
caractéristiques des 
arbres qui influencent 
leur valeur écologique 
à l'égard des 
coléoptères 
saproxyliques? 
Variables plus importantes 
hors forêt: Ouverture de la 
canopée; quantité et 
diversité de 
dendromicrohabitats sur les 
arbres porteurs des pièges 
(ApP); nombre et diversité 
de dendromicrohabitats sur 
gros arbres (DBH>70cm) 
20m autour du piège; 
cavités sur gros arbres 20m 
autour du piège.  
 
Variables plus importantes 
en forêt: Volume de bois 
mort; nombre de gros 
arbres.  
 
Aucune diférence: quantité 
de dendromicrohabitats sur 
les gros arbres à l'hectare; 
nombre de gros arbres 20m 
autour du piège (incluant 
l'arbre porteur). 
Variation richesse spécifique: Aucune.  
 
Variation abondance: Aucune.  
 
Déterminants richesse spécifique: Foret: Toutes espèces: 
Aucun. Espèces rares: Diversité dendromicrohabitats à 
l'hectare (seuil à 2 dendromicrohabitats). Arbres solitaires: 
Toutes espèces: DBH ApP; Quantité et diversité 
dendromicrohabitats ApP (seuils respectifs 4 et 3). Espèces 
rares: Quantité et diversité dendromicrohabitats ApP (seuils 
respectivement 4 et 3); diversité des dendromicrohabitats à 
l'hectare (seuil à 3).  
 
Déterminants abondance: Foret: Toutes espèces: DBH ApP; 
Nombre de cavités sur gros arbres sur 0.3ha. Espèces rares: 
Aucun. Arbres solitaires: Toutes espèces: Quantité et diversité 
dendromicrohabitats ApP (seuils respectivement 3 et 2); 
diversité dendromicrohabitats à l'hectare. Espèces rares: 
Diversité dendromicrohabitats ApP (seuil à 1); ouverture du 
milieu. 
Assemblages d'espèces: Toutes espèces: différents à 47% entre 
forêt et arbres isolés. Espèces rares: différents à 62% entre 
forêt et arbres isolés. Dans les deux cas, 90% de la dissimilarité 
est expliquée par un turnover d'espèces.  
 
Espèces indicatrices: Foret: espèces communes: 39 espèces. 
Espèces rares: 3 espèces. Arbres solitaires: Espèces communes: 
36 espèces. Espèces rares: 3 espèces.  
 
Determinant des assemblages: Forêt: Toutes espèces: 
Ouverture du milieu (3.9%). Espèces rares: Aucun. Arbres 
solitaires: Toutes espèces: DBH ApP (4.23%); quantité et 
diversité dendromicrohabitats ApP (respectivement 4.18 et 
3.9%; Nombre de cavités à 0.3ha; diversité de 
dendromicrohabitats sur abres de DBH>70cm à 0.3ha. Espèces 
rares: Quantité et diversité de dendromicrohabitats ApP 
(respectivement 5.1 et 5.27%). 
Habitat: 
Différences 
structurelles entre 
arbres isolés et 
arbres forestiers. 
Arbres isolés 
comme habitat en 
raréfaction.  
 
Espèces: espèces 
spécialistes des 
deux milieux 
étudiés. 
Déterminants de la 
richesse spécifique 
et de l'abondance 
différents entre 
forêt et arbres 
solitaires.  
Prendre exemple 
sur les arbres 
solitaires pour 
améliorer la 
considération 
des arbres 
habitats en 
forêt?  
 
Quel devenir 
pour les arbres 
isolés et quid de 
la conservation 
des espèces 
qu'ils abritent? 
Rétention 
d'arbres lors de 
l'exploitation 
finale du 
peuplement. 
Lesquels, 
combien, 
comment? 
 
 Influence de la 
structure passée 
du paysage sur 
les assemblages 
actuels? 
 
 Rôle effectif de 
'stepping stones' 
des arbres 
isolés? 
Forts enjeux de 
conservation de 
la faune des 
coléoptères 
saproxyliques 
associés aux 
arbres 
solitaires. 
Tableau 6 : Are solitary trees keystone structures for saproxylic biodiversity conservation? Problématiques, résultats, éléments particuliers discutés, 
Ŷouvelles pƌoďlĠŵatiƋues posĠe, peƌspeĐtives d’Ġtudes à eŶvisageƌ et ĐoŶĐlusioŶs pƌiĐipales de l’aƌtiĐle.  
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Chapitre IV : Effets paysagers 
Ce chapitre se structure en deux parties. Nous présentons en premier lieu une étude portant sur la 
ƋuaŶtitĠ d’haďitat daŶs le paǇsage et l’iŵpaĐt Ƌue Đela a suƌ les asseŵďlages loĐauǆ de ĐolĠoptğƌes 
saproxyliques. En second lieu, nous présentons un projet de co-analyse franco-tĐhğƋue de l’ĠvolutioŶ 
de la structure paysagère sur les assemblages de coléoptères saproxyliques.  
Publications associées à ce chapitre : Articles 72 et 8 (cf Tableau 2). 
 
Partie I : Influence de la proportion de réserves dans le paysage sur les 
assemblages locaux de coléoptères saproxyliques. 
Les relations entre les espèces et leur habitat existent à plusieurs échelles spatiales, en allant de 
l’ĠĐhelle loĐale ;effet de vaƌiaďles stƌuĐtuƌelles fiŶesͿ à l’ĠĐhelle paǇsage ;iŶflueŶĐe de vaƌiaďles 
structurelles plus larges). Cette relation habitat / espèces à différentes échelles est également 
observée pour les espèces de coléoptères saproxyliques (Holland et al., 2005 ; Bergman et al., 2012).  
L’haďitat des ĐolĠoptğƌes sapƌoǆǇliƋues est aĐtuelleŵeŶt foƌteŵeŶt iŵpaĐtĠ paƌ les aĐtivitĠs 
forestières. Les mesures de conservation mises en place actuellement ne permettent de protéger 
Ƌu’uŶe tƌğs faiďle paƌtie de la suƌfaĐe foƌestiğƌe. Ces paƌties soustƌaites à l’eǆploitatioŶ foƌestiğƌe 
ƌepƌĠseŶteŶt des zoŶes à foƌt poteŶtiel d’haďitat pouƌ les espğĐes sapƌoǆǇliƋues. Elles soŶt 
cependant mal réparties spatialement au sein de la forêt, généralement en une seule tache. Il existe 
doŶĐ au seiŶ des foƌġts uŶe ŵatƌiĐe ƌestƌeiŶte d’haďitat de tƌğs gƌaŶde ƋualitĠ ;les ƌĠseƌvesͿ 
eŶtouƌĠe de zoŶes d’haďitat de ŵoiŶs ďoŶŶe ƋualitĠ ;les zoŶes eǆploitĠesͿ. L’haďitat des espğĐes 
sapƌoǆǇliƋues s’eŶ ƌetƌouve foƌteŵeŶt fƌagŵeŶtĠ au seiŶ de la foƌġt.  
Nous avons montré dans le Chapitre III que la mise en réserve était efficace pour la reconstitution 
des volumes de bois mort et de la quantité de dendromicrohabitats, si la durée de mise en réserve 
est iŵpoƌtaŶte. L’effet poŶĐtuel des ƌĠseƌves est ĠgaleŵeŶt positif suƌ les ĐolĠoptğƌes sapƌoǆǇliƋues, 
mais son efficacité varie avec la durée de non-exploitation : plus la réserve est ancienne, plus les 
effets sont prononcés. 
Mais Ƌuel est l’effet des ƌĠseƌves foƌestiğƌes suƌ les asseŵďlages de ĐolĠoptğƌes sapƌoǆǇliƋues à 
l’ĠĐhelle de la foƌġt ? Comment les zones exploitées sont-elles affectées par les réserves 
avoisinantes ? 
Nous avoŶs ŵeŶĠ uŶe iŶvestigatioŶ de l’effet paysager de la densité de réserves sur les assemblages 
de coléoptères saproxyliques contactés dans les zones exploitées voisines. 
Nous avoŶs ŵis eŶ ĠvideŶĐe des effets positifs de l’augmentation de la densité de réserves dans la 
matrice forestière du paysage à travers deux possibles effets distincts : ;iͿ l’effet de spilloveƌ ;Rowse 
et al., 2011Ϳ, et ;iiͿ l’effet de ŵasse ;Fahrig, 2013Ϳ. Nous avoŶs ŵis eŶ ĠvideŶĐe l’eǆisteŶĐe de seuils 
de deŶsitĠs de ƌĠseƌves daŶs le paǇsage peƌŵettaŶt la sauvegaƌde d’uŶ Ŷoŵďƌe d’espğĐes aĐĐƌu.
                                                          
2
 L’aƌtiĐle ϳ a ĠtĠ aĐĐeptĠapƌğs ŵodifiĐatioŶs daŶs la ƌevue CoŶseƌvatioŶ ďiologǇ. UŶ pdf des Ġpƌeuves ŶoŶ 
corrigées est disponible en Annexe 4. 
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Article 7: Increasing the percentage of forest reserves in the 
landscape amplifies saproxylic beetle diversity both within and 
beyond reserve borders 
G. Parmain*,°,**, C. Bouget* 
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Abstract: 
Increasing the density of natural reserves in the forest landscape may provide conservation 
benefits for biodiversity in both surrounding unprotected habitats (spillover effect hypothesis) and in 
the reserves themselves (habitat amount effect hypothesis). 
We tested both hypotheses using two French datasets on saproxylic beetles and landscape 
cover of forest reserves (LCFR) quantified at five nested landscape scales from 500m to 2500m 
around biodiversity assessment plots: (i) a national standardized dataset with 252 plots in both 
managed and unmanaged stands in nine lowland and five highland forests, and (ii) a detailed case 
study in the lowland Rambouillet forest, a forested landscape rich in reserves. Biodiversity 
conservation measures like reserves designed to create a functional network were pioneered in the 
Rambouillet forest. This forest was studied by the GNB and RESINE projects, with a denser sampling 
design in the latter, leading to a large entomological dataset.  
A positive influence of LCFR on saproxylic diversity in adjacent harvested stands (spillover 
effect) was demonstrated, more strongly in highland than in lowland forests, and in the Rambouillet 
area than in other lowland sites, probably due to contrasts in reserve quality. Most LCFR thresholds 
among the significant relationships were about 20%, a pivotal landscape proportion of suitable 
habitat advanced in previous studies. In lowland but not in highland forests, the LCFR also affected 
species richness in the reserves themselves (habitat amount effect). In the Rambouillet forest, an 
increasing number of reserve patches fostered the abundance of rare species in reserves. 
We show how increasing reserve density enhances biodiversity conservation both within and 
beyond reserve borders. Habitat cover thresholds could help managers to define targets for nature 
conservation.  
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Key-words: Threshold, forest management, temperate forest, habitat amount, rare species, spillover 
effect, SLOSS. 
Abbreviation: LCFR= Landscape Cover of Forest Reserves  
 
Introduction: 
Global efforts to slow biodiversity loss include improving natural reserve designs, but the 
amount of protected habitat in managed territories remains restricted due to human land use. 
Reserves would be more efficient if their conservation benefits extended beyond their boundaries 
into surrounding unprotected habitat—a pƌoĐess Đalled ͞spilloveƌ͟ ;Gell aŶd ‘oďeƌts, 2ϬϬϯͿ. The 
spillover effect is characterized by three elementary processes: the refuge effect (forest reserves are 
more suitable habitats), environmental stability (fewer disturbances due to lack of harvesting) and a 
high number of individuals dispersing outside the forest reserve (Brudvig et al., 2009; Russ and 
Alcala, 2011). The spillover effect is conceptually close to the spatial mass effect (or vicinism; Shmida 
and Ellner, 1984), which assumes that a species can occur in an unfavourable habitat, despite low 
reproductive success and fitness, thanks to the influx of propagules from a source population living in 
a nearby favourable habitat (Shmida and Ellner, 1984). The initial model for spillover was developed 
at the population level. Due to its heuristic value in conservation ecology, the model has been 
extended from single species to species communities: spillover should cause species enrichment 
around reserves that host large numbers of species.  
Due to the generalized forestry-induced depletion of their substrates in managed forests 
worldwide, deadwood-assoĐiated, i.e. sapƌoǆǇliĐ, speĐies’ ďiodiveƌsitǇ is at stake. Foƌest ƌeseƌves aƌe 
known to harbour higher densities of old-growth structures such as old trees and dead wood, 
favourable to saproxylic organisms, than does the harvested forest matrix (Bouget et al., 2014). As a 
result of within-patch dynamics, reserves may be thought to support an increased density of 
saproxylic beetle species, leading to a spillover of these species into the surrounding stands where 
deadwood substrates have been reduced by forestry. We assume that in highland forests, reserves 
have often been established in less accessible sites difficult and expensive to harvest than in lowland 
forests. As a consequence, spillover and mass effects may produce different effects in lowland or 
highland stands.  
 
In fine-grain, managed forests in Western Europe, forest reserve patches are often small and 
scattered in the landscape, reducing local saproxylic population sizes and impeding their dispersal 
(Tscharntke et al., 2002). A spillover effect can be detected by checking for biodiversity variations 
along two gradients of habitat isolation: i) the distance to neighbouring reserves, or ii) the proportion 
of reserves within the forest landscape, hereafter called Landscape Cover of Forest Reserves (LCFR). 
The distance to the nearest neighbouring habitat patch has proven to be a less predictive variable 
than buffer zone indicators (Moilanen and Nieminen, 2002). The literature in forest ecology provides 
more evidence of a significant positive effect of neighbouring old-growth stands on biodiversity in 
terms of surrounding density (Abrahamsson et al., 2009; Edman et al., 2004; Franc et al., 2007; 
Olsson et al., 2012) rather than in terms of linear distance (McGeoch et al., 2007). We hypothesized 
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that higher LCFR would lead to stronger spillover effects and, consequently, to increased species 
richness or abundance in surrounding areas traditionally managed for harvesting.  
The density of reserves in the landscape may also affect the species richness in the reserves 
theŵselves. IŶdeed, the ͞haďitat aŵouŶt hǇpothesis͟ pƌediĐts that speĐies ƌiĐhŶess iŶ equal-sized 
saŵple sites iŶ ƌeseƌve aƌeas should iŶĐƌease ǁith the total aŵouŶt of ƌeseƌve haďitat iŶ the ͚loĐal 
laŶdsĐape’ suƌƌouŶdiŶg the saŵple site, the loĐal laŶdsĐape ďeiŶg the aƌea ǁithiŶ aŶ appƌopƌiate 
distance of the sample site (Fahrig, 2013).  
In addition to the question about reserve proportion effects at the forest and landscape 
levels on species diversity, the spatial organisation of reserves is debated. The same amount of forest 
reserve can be used within two ways: Single One or Several Small reserve patches. Each strategy had 
practical advantages and inconvenient for the forest manager. For biodiversity conservation, both 
strategies seemed to be useful, but depended on the context to be applied (Tjørve, 2010) this 
seemed particularly true for forests (Ranius and Kindvall, 2006).  
We analysed saproxylic beetle data from fourteen French temperate forests to address the 
following five questions. 1) In accordance with the spillover hypothesis, is reserve cover in the 
surrounding forest landscape a significant factor in predicting variations in local species richness on 
harvested plots? 2) In line with the habitat amount hypothesis, does reserve cover in the surrounding 
landscape significantly affect the local species richness in the reserves themselves? 3) Is the situation 
the same in lowland and in highland forests? 4) Are all species affected or are only rare species 
concerned (possibly more sensitive to the distribution pattern of reserves)? 5) At the Rambouillet 
forest case study scale, does the number of reserve patches affect local species richness after 
accounting for the effects of reserve cover? 
 
Material and methods 
Study sites 
Two hundred and fifty two plots - 111 plots in forest reserves and 141 in managed stands - 
were set up in 14 French forests (9 lowland and 5 highland forests) (Tab. 1). All study forests included 
both managed and unmanaged plots. The study plots were selected in adult stands (at least 100 
years old). The dominant tree species varied, from spruce with fir and beech to beech with oak and 
hornbeam (see Tab. 1). Among our study sites, the Rambouillet forest is a special case. Certain 
biodiversity conservation measures were pioneered in this 22,000-ha state oak forest in northern 
France, 50 km west of Paris, which currently includes a high number of forest reserves that have 
remained unmanaged for more than 80 years. These reserves were designed to create a functional 
network for biodiversity conservation. The Rambouillet forest was studied by the GNB and RESINE 
projects, with a denser sampling design in the latter. 
Beetle data 
Flying saproxylic beetles were sampled with two unbaited cross-vaŶe ﬂight iŶteƌĐeptioŶ tƌaps 
(PolytrapTM, E.I. Purpan, Toulouse, France) per plot, set about 20 m from each other, except for the 
͞Bois du PaƌĐ͟ aŶd ͞Haut-Tuileau͟ sites ǁheƌe oŶlǇ oŶe tƌap peƌ plot ǁas set. A total of ϰϳϴ tƌaps ǁas 
set. The traps were suspended roughly 1.5 m above the ground. Active insects were collected from 
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April to August (see Tab. 1 for further details on sampling years). For each species in all the taxa 
identified from the ±50 families recorded, we characterized the degree of geographic rarity in France 
according to the FRISBEE database (http://frisbee.nogent.cemagref.fr/index.php/en/) and 
distinguished rare species (not abundant and only locally distributed) from the others. The resolution 
of species identification was higher for the detailed RESINE dataset than for the 14 GNB standardized 
datasets. In the standardized low-resolution beetle dataset, we only considered the families 
systematically identified at all sites (though we did also include easily-identifiable rare families such 
as Cerophytidae or Nosodendridae present in only one or two forests). In addition, the high-
resolution RESINE dataset was considered separately, with a dedicated objective (see below). We 
computed three response variables for each trap: total species richness (Rstot), rare species richness 
(Rsrar) and rare species abundance (Abrar).  
Landscape and environmental data 
While studying landscape effects on oak saproxylic beetles from the local (52m) to the large 
scale (5200m), Bergmann et al. (2012) found the 2300m scale to be outstanding. Herein the present 
study, we used a GIS system (ArcGis 10.2) to quantify the proportion of forest area set aside as 
natural forest reserves (LCFR), at five nested spatial scales (500m, 1000m, 1500m, 2000m, 2500m) 
around each plot (buffer zones). When few patches of forest reserve were available on our study 
sites, the Rambouillet forest possess more than 20 of such reserve patches. We computed the 
number of forest reserve patches inside each buffer In the Rambouillet forest only. The dead wood 
volume on each plot was already available (see Bouget et al., 2014, for further details on dead wood 
volume estimations).  
Data analysis 
Two datasets were available for analysis: (i) a nationally compiled, standardized dataset with 
lower taxonomic resolution for beetles, but with a larger overall sample size, a broader landscape 
coverage including both lowland and highland forests, and more regional replicates; and (ii) a 
detailed case study (RESINE) of the lowland Rambouillet forest offering high-resolution beetle data, 
and more numerous, though more locally specific, reserves in the forest mosaic landscape (fewer 
replicates, a single lowland forest area).  
On the national dataset, we performed separate analyses for lowland and mountain sites due 
to differences in the mean specific richness per trap and potential divergences in average 
management history. To account for between-trap differences due to local within plot contrasts in 
resource availability, we included the local deadwood volume as a primary covariate in the analytical 
models. Depending on the distribution pattern of response variables (total species richness, 
abundance and richness of rare species), we used linear (lmer) or generalized linear (glmer, 
family=Poisson) mixed models. Forest was used as a random factor in all mixed models. An 
observation-level random effect was added in the generalized linear mixed models to account for 
data over-dispersion. The effects of LCFR on beetle response variables were assessed at each of the 
five nested spatial scales, in harvested and in reserve stands, using a likelihood ratio test between 
the models with and without the predictor. The best spatial scale, at which the highest explanatory 
power was measured, was identified by model comparisons of AICc values for each response 
variable, in both harvested and in reserve stands. 
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Foƌ the speĐifiĐ ‘ESINE Đase studǇ, ǁe peƌfoƌŵed a PeaƌsoŶ’s ĐoƌƌelatioŶ test ďetǁeeŶ the 
number of reserve patches and LCFR at the five landscape scales. The two predictors were strongly 
correlated at the 500m and 1000m spatial scales but not at the 1500m, 2000m and 2500m scales. We 
used glmer models with LCFR and the number of reserve patches as additive effects at the 1500m, 
2000m and 2500m scales only, including deadwood volume as a primary covariate. The significance 
of ecological effects was assessed by model comparisons using likelihood ratio tests. 
We used recursive partitioning (Hothorn and Zeileis, 2008) to search for thresholds in the 
significant models. This approach makes it possible to simultaneously identify a threshold and assess 
its significance by means of a statistical test procedure. The thresholds are derived from estimates of 
breakpoints revealed in maximally selected two-sample statistics. Their validity is judged by multiple 
test procedures. This method provides a decision tree with p-values for one or more critical 
thresholds. Based on 1000 bootstrap samples, a confidence interval (IC; 95%) was calculated for all 
thresholds. The significant p-value for thresholds was set at p<0.01. Each of the two groups 
separated by a threshold had to contain at least eight samples to be selected.  
 
All analyses were carried out with the R 3.1.0 (R Core Team, 2013) software.  
 
Results 
Overall, the compiled standardized dataset included 460 species and 179,237 individuals, 
whereas the detailed RESINE dataset had 335 species and 137,154 individuals.  
In the following threshold type relations between species richness or abundance and 
environmental variables, the slope of the species (or individual) accumulation rate was always 
steeper beyond the detected threshold point.  
1. Beetle diversity response to LCFR in harvested plots (spillover hypothesis) 
Highland forests (national dataset). In managed highland stands, the total species richness 
increased with LCFR at the 2500m scale; no threshold could be identified for this slightly significant 
relationship (Fig. 1a). The LCFR also significantly contributed to local variations in rare species 
richness and abundance. Indeed, the number of rare species increased with LCFR, markedly so 
beyond the threshold value of 36.5% (IC: 0.0-38.6) of forest reserves in the 500m-radius landscape 
buffer (Fig. 1b). Similarly, the abundance of rare species was positively affected by an increasing LCFR 
and a threshold value of 21.5% (IC: 9.2-24.8) of forest reserves in the 1500m landscape (Fig. 1c) was 
detected in the relationship. 
Lowland forests (national dataset). Neither overall assemblage richness nor rare species 
abundance or richness significantly responded to variations in LCFR in lowland managed stands.  
Lowland forests (RESINE case study). In managed plots in the Rambouillet forest case study, the 
relationship between beetle diversity and LCFR was not significant. However, after taking LCFR into 
account, an increase in the number of reserve patches positively affected the local number of species 
in managed stands at the 2500m landscape scale. The overall species richness of saproxylic beetle 
assemblages was amplified beyond the threshold value of two reserve patches in the 2500m-radius 
landscape buffer (IC: 1-3; Fig. 1d).  
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2. Beetle diversity response to LCFR in reserve plots (habitat amount hypothesis) 
The saproxylic beetle species response to LCFR was contrasted in unmanaged stands.  
Highland forests (national dataset). No response of saproxylic beetle diversity to LCFR was 
observed in highland unmanaged stands. No significant trends were detected for the response of 
rare species to LCFR in unmanaged stands. 
Lowland forests (national dataset). A significant, positive relationship was identified between 
LCFR in a 500m-radius landscape buffer and the total species richness in lowland forests (Fig. 2a), 
though no threshold value was apparent.  
Lowland forests (RESINE case study). An increase in LCFR enhanced the local richness of all 
species in unmanaged plots at the 2500m landscape scale. This effect was even stronger beyond a 
threshold value of 20.0% (IC: 20.0-20.9) of LCFR (Fig. 2b). The number of reserve patches in the 
2500m-radius landscape buffer also significantly affected the abundance of rare species, though no 
threshold value was detected in this relationship (Fig. 2c). The number of reserve patches had no 
significant effect on total or rare species richness in unmanaged plots.  
 
3. Comparison of biodiversity responses at the five nested spatial scales 
Overall, we observed significant relationships between LCFR and species richness or abundance 
for rare saproxylic beetle species and all species combined at all the five spatial scales from 500m to 
2500m (Tab. 2). In lowland forests, all the best models (i.e. with the lowest AICc) occurred at the 
500m scale, whatever the response variable, whereas they always related to larger scales in highland 
forests. All the best models identified in the Rambouillet case study related to the large 2500m 
spatial scale. 
 
Discussion 
1. Effects of the density of reserves on local assemblages in managed areas: spillover effects? 
Our sampling scheme was not especially designed to demonstrate spillover effect. In 
consequence, we were not able to directly demonstrate spillover from protected to unprotected 
areas. However, we did demonstrate that landscape reserve design can benefit biodiversity beyond 
reserve borders, possibly by promoting spillover. The positive influence of LCFR on biodiversity in 
adjacent managed stands was observed in both lowland and in highland forests.  
The possible spillover effects we observed in harvested areas seemed more efficient in highland 
than in lowland contexts. Among lowland sites, a greater effect was measured in the Rambouillet 
forest than in other lowland sites. These results may be related to the higher ecological quality of the 
reserves compared to the harvested areas. In highland forests, reserves have often been established 
in less accessible sites, mainly characterized by steep slopes, and which are technically difficult and 
expensive to harvest. Due to their topographical constraints, these sites have been abandoned for a 
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long time, or they have a limited harvesting history. In contrast with harvested areas, they may host a 
higher density of old-growth legacies. In lowland forests, site selection for reserves usually attempts 
to limit future losses of income from lack of harvesting. Reserves are therefore established on sites 
with little silvicultural interest, even if their conservation interest may also be low. The Rambouillet 
forest is a special case among lowland sites since reserves there have mainly been established based 
on their conservation interest, i.e. on sites with high substrate continuity in the past. 
Spillover effects were initially studied in marine ecosystems (McClanahan and Kaunda-Arara, 
1995), and have only recently been documented in terrestrial ecosystems: for insects from natural 
habitats to crop plantations (Hanley et al., 2011; Lucey and Hill, 2012) and for plants (Brudvig et al., 
2009). Forest reserves may act as nurseries for saproxylic beetle species thanks to their higher-
quality habitat compared to the surrounding harvested forest matrix (Bouget et al., 2014). In reserve 
areas, an increase in population levels may enable more dispersers to emigrate to nearby harvested 
stands. Landscape effects on the survival probability of individual species - and consequently on the 
local number of species persisting in matrix habitats - may be related to metapopulation processes, 
with recolonizing events counterbalancing local extinctions in fragmented landscapes (Hanski and 
Gaggiotti, 2004). Having more reserves inside a landscape buffer also improves connectivity and 
facilitates exchanges of individuals and species among reserve patches, thereby causing a 
connectivity-enhanced spillover effect (Brudvig et al., 2009).  
The importance of the surrounding landscape for local species richness, here attested in highly 
fragmented temperate forests in Western Europe, is in line with suggestions by Lassauce et al, (2011) 
and Bouget et al, (2013), who both demonstrated that local saproxylic biodiversity is not strongly 
driven by the quantity of locally available deadwood substrates. From Janssen et al, (2009), even in 
boreal contexts, the combined influence of structural and compositional habitat heterogeneity at 
stand and landscape scales best explains richness patterns in flying saproxylic beetles. 
Among the five nested landscape scales we studied, we did not identify a univocal scale for the 
effects of forest reserve cover on biodiversity, whatever the altitudinal context or the response 
variable. Potential spillover effects were detected at all scales, from 500m to 2500m. Large scale 
(Bergmann et al., 2012; Franc et al., 2007) and small scale (Schiegg, 2000) landscape effects on local 
saproxylic beetle species richness have already been found. From Holland et al, (2004), the great 
disparity in species dispersal ability among saproxylic beetles impedes the detection of a single 
connectivity scale for the whole species assemblage.  
2. Effects of the density of reserves on local assemblages in reserves: habitat amount effects 
The LCFR significantly affected species richness in the reserves themselves in lowland but not in 
highland forests. The LCFR fostered species richness in reserves at the 500m scale in the compiled 
dataset of nine lowland forests, and at the 2500m scale in the Rambouillet case study. In the latter 
case, the number of reserve patches also fostered the abundance of rare species in reserves. These 
positive influences of the LCFR are in line with the habitat amount hypothesis (Fahrig, 2013). Our test 
of the habitat amount hypothesis relies on a habitat/non-habitat view of the landscape, even though 
it is difficult to ecologically delineate reserves as discrete habitat patches for a species group. It 
should be borne in mind that saproxylic habitats (e.g. old-growth structures) that exist in reserve 
patches also occur in the surrounding landscape, though at a lower density or with less continuity in 
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time. Saproxylic habitats in the managed matrix may be at least partly habitable for some of the 
species living predominately in reserves, with reduced breeding success or fitness in them. 
 
3. Response thresholds to the proportion of reserves in the surrounding forest area 
Habitat thresholds may help managers to define targets for nature conservation (Müller and 
Bütler, 2010). We showed the importance of non-linear relationships between landscape patterns 
and biodiversity. We identified thresholds in some of the significant relationships between LCFR and 
total species richness or rare species richness. In all cases, the species accumulation rate strongly 
increased beyond the threshold value, i.e. the local extinction probability of species decreased. These 
thresholds correspond to the amount of habitat below which fragmentation may affect population 
persistence (Andrén, 1994). Even though confidence intervals were wide, and could probably be 
improved with larger datasets, most of the significant threshold values we detected were at about 
20% of suitable habitat, i.e. forest reserve cover, in the surrounding landscape. Several authors have 
already suggested conserving 20–30 % of favourable habitats for biodiversity conservation at the 
landscape scale. Using a simulation approach, Andrén (1994) found that the regional extinction rate 
of vertebrates increased when favourable habitat fell below a threshold of 20 to 30%. Nilsson et al, 
(2001) recommended conserving 20 % of the original density of habitat at the landscape scale to 
preserve biodiversity. Similar values were also recommended by Wiktander et al, (2001) for the 
lesser spotted woodpecker (Dendrocopos minor) and by Wegge and Rolstad (1986) for the 
Capercaillie (Tetrao urogallus). Empirical studies on saproxylic longhorn beetles pointed out that 
extinction thresholds differ widely among species (Holland et al., 2005). From Ranius and Jonsson 
(2007), distinct thresholds in habitat availability at the species assemblage level would be difficult to 
determine (Ranius and Fahrig, 2006). Nevertheless, high values of landscape reserve cover are likely 
to eŶĐoŵpass ŵost sapƌoǆǇliĐ speĐies’ haďitat ƌeƋuiƌeŵeŶts. 
It should be remembered that a global target of 17% of the forested land area as reserves was 
set at the UN biodiversity summit in Nagoya in 2010 (Hanski, 2011). A target of 20% of reserves in 
forest landscapes is nonetheless very ambitious compared to the current proportion of forest 
reserves across Europe: 7.6% on average (Parviainen et al., 2000) ranging from 1.2% of the total 
forest cover in France to 24.0% in Spain. Only Spain, Denmark and Hungary have a proportion of 
protected forests which slightly exceeds the 20% threshold. From 2000 to 2011, efforts in French 
public forests have raised the surface area from 1.2% to 6.7% of the forested landscape (ONF, 2011). 
Fortunately, a large proportion of the private forests in France, with their fragmented ownership, has 
been left unmanaged and unharvested; these patches act as unofficial passive reserves.  
4. Reserve design and the SLOSS insights  
Our results from the RESINE case study in Rambouillet provide important information about the 
spatial design of reserves. In the managed forest matrix, with the reserve surface area being 
accounted for, the higher the number of surrounding reserve patches, the higher the reserve effect 
on local species richness, and therefore the stronger the spillover effect. In other words, at the 
2500m scale, several small reserves more efficiently increased beetle species richness outside the 
reserves than did one single large reserve. In the reserves themselves, the number of patches did not 
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change the reserve effect on local species richness. Nonetheless, rare species abundance inside 
reserves was strongly improved by increasing the number of reserve patches.  
The spatial configuration of forest reserves in the landscape is a recurrent issue in biodiversity 
conservation (Groom et al., 2006). For instance, the SLOSS debate (Single Large Or Several Small) 
questions whether managers should split conservation efforts (total reserve surface area) into 
several units or instead set up one large unit. Results from field data are contrasted, underlining the 
need for individual case studies to determine the best local strategy (Tjørve, 2010). Using 
metapopulation models, Ranius and Kindvall (2006) founded different optimal reserve spatial 
configuration depending on forest harvesting history. In unharvested forest, models predicted few 
number of large forest reserve to be more efficient than many small. In contrary, in harvested 
forests, many small forest reserves were more efficient than several large. In harvested forests, small 
plots with high habitat quality could be selected, when large reserves contained habitats both of high 
and low quality (Ranius and Kindvall, 2006). Some studies provide guidelines for the minimum size of 
unharvested patches required to host a maximum diversity of substrates: at least 20 ha for tree 
microhabitats (Larrieu et al., 2014), at least 2 ha for deadwood types (Jakoby et al., 2010). 
Ovaskainen (2002) suggested that several large patches of habitat maximize species metapopulation 
capacity. This is in line with our findings: several large forest reserve patches in the landscape 
seemed to be more valuable for strengthening forest species metapopulations, e.g. saproxylic beetle 
populations, than one single reserve patch.  
In the present article, we provide data on the effects of the size and number of forest 
reserves on biodiversity. Nevertheless, it should be borne in mind that (i) other criteria, such as patch 
shape, edge length and contrast, connectivity and corridors also determine reserve conservation 
value; and that (ii) selection criteria in any forest conservation strategy should consider not only 
conservation value but also management costs. Large ecological reserves may be easier to protect 
from an organizational perspective. Conversely, single, large ecological reserve units are rarely 
comprehensive in terms of habitats, nor are they representative of all elements of biodiversity.  
Forest managers may therefore be better off protecting a wider range of habitats through 
smaller reserve patches distributed throughout the fine-scale mosaic of European habitat types, or at 
least to adopt multi-scaled conservation measures. 
In our study, we limited our investigation to total species richness and to rare species 
richness and abundance. It should however be kept in mind that not all species depend on reserve 
patterns equally (Tscharntke et al., 2002). For example, specialist species depending on habitats that 
exist mainly in reserve patches may be more affected by reserve patterns than generalists, since the 
surrounding landscape is at least partly inhabitable for generalists. Good dispersers may be less 
affected by reserve patterns than little mobile species, which are not able to disperse between 
isolated patches in a loose reserve network. We therefore suggest that reserve patches could also 
provide interesting study areas for individual species abundance and occurrence. 
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Conclusions 
We show how increasing reserve density enhances biodiversity both within and beyond 
reserve borders. Further research is required to define relevant management guidelines for reserve 
system design in order to increase levels of biodiversity spillover, in particular in relation to the two 
reserve properties most often taken into account, patch connectivity and patch shape. Our threshold 
values may provide forest reserve cover percentage targets, even though they may be difficult to 
reach in managed European landscapes. Establishing reserves in valuable habitat patches, which 
have not been severely degraded by intensive forestry practices, is of primary concern. Indeed, the 
colonization by saproxylic beetles is a very slow process which requires an even longer time frame 
than does habitat restoration (Bouget et al., 2014).  
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Figures 
 
Figure1: Response of beetle diversity in harvested plots to the landscape cover of forest reserves in 
highland forests (no significant responses were actually observed in lowland forests) and patches 
number in the Rambouillet forest case study (spillover hypothesis). Reserve proportion in the forest 
landscape on X axes for a;b and c figures. Patches number on X axes for figure d. a: Total species 
richness at the 2500 scale; b: Rare species richness at the 500m scale; c: Abundance of rare species at 
the 1500m scale (mean values per trap); d: Total species richness in managed plots at the 2500m 
scale in the Rambouillet forest case study. Dashed line: linear species accumulation rate. Continuous 
line: species accumulation rate before and after threshold (vertical line, T = threshold). Grey areas 
are standard deviations of accumulation rate curves. They are represented on global species 
accumulation rate when no threshold appears, and on species accumulation rate before and after 
threshold lines when a threshold occurs. 
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Figure 2 Response of beetle diversity in reserve plots to the landscape cover of forest reserves in 
lowland forests (no significant responses were actually observed in highland forests) and in the 
Rambouillet forest case study (habitat amount hypothesis). Reserve proportion in the forest 
landscape on X axes for figures a and b. Patches number on X axes for figure c. a: Total species 
richness at the 500m scale in lowland forests (pooled data from 9 forests); b: Total species richness 
at the 2500m scale in the Rambouillet forest case study; c: Abundance of rare species in reserve plots 
at the 2500m scale in the Rambouillet forest case study. Dashed line: linear species accumulation 
rate. Continuous line: species accumulation rate before and after threshold (vertical line, T = 
threshold). The grey areas are the standard deviation of the accumulation rate curves. They are 
represented on the global species accumulation rate when no threshold appears, and on species 
accumulation rate before and after threshold lines when a threshold occurs. 
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Tables 
ALT Forest name 
Forest 
composition 
Project (Year) HAR RES 
Highland 
Ballons-Comtois fir-beech GNB (2010) 8 (16) 8 (15) 
Engins spruce GNB (2011) 5 (10) 4 (8) 
Lure fir-beech GNB (2011)  4 (8) 4 (8) 
Ventoux fir-beech GNB (2011) 5 (10) 5 (10) 
Ventron fir-beech GNB (2009) 4 (8) 4 (8) 
Total Highland 26 (52) 25 (49) 
Lowland 
Auberive beech GNB (2009) 12 (24) 12 (24) 
Bois_du_Parc 
oak-
hornbeam 
GNB (2011) 5 (5) 5 (5) 
Chizé oak-beech GNB (2010) 12 (24) 12 (24) 
Citeaux oak-beech GNB (2010) 6 (12) 6 (12) 
Combe-Lavaux oak-beech GNB (2010) 4 (8) 4 (8) 
Fontainebleau oak-beech GNB (2008) 13 (25) 12 (24) 
Haut-Tuileau 
oak-
hornbeam 
GNB (2011) 7 (7) 7 (7) 
Rambouillet 
oak-
hornbeam 
GNB (2012) 8 (16) 8 (16) 
Rambouillet 
oak-
hornbeam 
RESINE 
(2006/2007) 
44 (88) 16 (32) 
Verrières 
oak-
hornbeam 
GNB (2012) 4 (8) 4 (8) 
Total Lowland 
115 
(217) 
86 (160) 
Total 
141 
(269) 
111 
(209) 
 
Table 1: Plot and trap distribution. Total trap number is between brackets. HAR= harvested plots; 
RES= reserve plots.  
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GNB (y~a+b) Rambouillet (y~a+b+c) 
  
Forest reserve surface Forest reserve surface Nb patches 
  
Rstot Rsrar Abrar Rstot Rsrar Abrar Rstot Rsrar Abrar 
Lowland  
Man ns ns ns ns ns ns 2500 * ns ns 
Unman 500 * ns ns 2500 ** ns ns ns ns 2500 * 
Highland 
Man 2500 * 500 ** 1500 ** NA NA NA NA NA NA 
Unman ns ns ns NA NA NA NA NA NA 
 
Table 2: Summary of the best spatial scale models: effects of forest reserve surface area on total 
species richness and on rare species richness and abundance. The significance of the models is 
indicated after the best spatial scale effect (*;**; ***). For the particular case of Rambouillet, due to 
colinearity between forest reserve surface area and patch number, we only explored the 1500m; 
2000m and 2500m spatial scales. The figures in bold indicate the detection of a threshold. Y = c(Rstot 
or Rsrar or Abrar); a = deadwood volume; b = forest reserve surface area; c = nb of patches. 
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Synthèse de l’article 7 
icle Problématiques 
Résultats 
Habitat 
Résultats coléoptères saproxyliques Points discutés 
Questions 
soulevées 
Perspectives 
d'étude 
Conclusions 
7 
1) En accord avec l'hypothèse de 
spillover, la proportion de surface 
forestière en réserve dans le 
paysage est-elle un bon 
estimateur pour prédire les 
variations locales de richesse 
spécifique dans les placettes 
exploitées?  
 
2) En accord avec l'hypothèse 
d'effet de masse d'habitat, la 
quantité de réserves forestières 
dans le paysage affecte-t-elle la 
quantité d'espèces qui y sont 
retrouvées?  
 
3) Ces différences sont-elles 
constantes entre forêts de plaine 
et forêts de montagne?  
 
4) La totalité des espèces est-elle 
affectée, ou seulement les espèces 
rares?  
 
5) Dans le cas particulier de la 
forêt de Rambouillet, le nombre 
de patches de réserves dans le 
paysage influence-t-il la richesse 
en espèces locale, une fois l'effet 
de la surface pris en compte? 
Pas de mesures 
de variables 
d'habitat locales 
Jeu de données national:  
En zone exploitée: Richesse spécifique:  
En montagne: Toutes espèces: Augmente avec la proportion de réserve dans le paysage 
(2.5km de rayon autour du piège);  
Espèces rares: Augmente avec la proportion de réserve dans le paysage (0.5km de rayon 
autour du piège. Seuil à 36.5% de réserves dans le paysage).  
En plaine: Toutes espèces: pas de réponse. Espèces rares: pas de réponse.  
Abondance:  
En montagne: Toutes espèces: pas de réponses. Espèces rares: Augmente avec la proportion 
de réserve dans le paysage (0.5km de rayon autour du piège. Seuil à 21.5% de réserves dans 
le paysage).  
 
En réserve: Richesse spécifique:  
En montagne: Toutes espèces: pas de réponse. E 
spèces rares: pas de réponse.  
En plaine: Toutes espèces: Augmente avec la proportion de réserve dans le paysage (0.5km 
de rayon autour du piège). Espèces rares: pas de réponse.  
 
Jeu de données local (RAMBOUILLET):  
En zone exploitée: Richesse spécifique:  
Toutes espèces: pas de réponse. Espèces rares: pas de réponse. Abondance: Toutes espèces: 
pas de réponse. Espèces rares: pas de réponse.  
 
Nombre de patches de réserve:  
Richesse spécifique: Toutes espèces: Augmente avec le nombre de patches de réserve dans le 
paysage (2.5km de rayon autour du piège. seuil à 2 patches de réserve dans le paysage). 
Espèces rares: pas d'effet.  
 
En réserve: Richesse spécifique:  
Toutes espèces: Augmente avec la proportion de réserve dans le paysage (2.5km de rayon 
autour du piège. Seuil à 20% de réserve dans le paysage). Espèces rares: pas de réponse. 
Abondance: Toutes espèces: pas de réponse. Espèces rares: pas de réponse.  
 
Nombre de patches de réserve:  
Richesse spécifique: Toutes espèces: pas de réponse. Espèces rares: pas de réponse. 
Abondance: Toutes espèces: pas de réponse. Espèces rares: Augmente avec le nombre de 
patches de réserve dans le paysage (2.5km de rayon autour du piège). 
Ressources locales 
n'influencent pas 
forcément les 
assemblages observés. 
Phénomènes à l'échelle 
du paysage. Echelle 
spatiale considérées.  
 
Détection de seuils 
d'habitats pour des 
assemblages d'espèces. 
Disparition/fragmentati
on de l'habitat et 
diminution de la 
probabilité de survie 
des populations.  
 
Difficulté de considérer 
les zones exploitées 
comme non habitats 
pour les coléoptères 
saproxyliques.  
 
Débat SLOSS.  
Effet de 
débordement 
(spillover)? Effet 
de quantité 
d'habitat (mass 
effect)?  
 
Différences de 
fonctionnement 
des réserves 
entre plaine et 
montagne?  
 
Les espèces de 
coléoptères 
répondent-elles 
de la même 
façon à la 
distribution 
spatiale des 
réserves dans le 
paysage? 
Etude de 
l'évolution 
des 
populations 
dans les 
zones de 
réserve 
forestière. 
Les réserves 
forestières ont 
un impact positif 
à la fois sur les 
populations 
qu'elles 
contiennent, 
mais également 
sur les 
populations des 
zones voisines. 
Tableau 7 : Increasing the percentage of forest reserves in the landscape amplifies saproxylic beetle diversity both within and beyond reserve borders. 
PƌoďlĠŵatiƋues, ƌĠsultats, ĠlĠŵeŶts paƌtiĐulieƌs disĐutĠs, Ŷouvelles pƌoďlĠŵatiƋues posĠe, peƌspeĐtives d’Ġtudes à envisager et conclusions principales de 
l’aƌtiĐle.  
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Partie II : ǮDette d’extinction’ à l’échelle du paysage 
 
Cette paƌtie pƌĠseŶte les ĠlĠŵeŶts stƌuĐtuƌaŶts Ƌui oŶt ĐoŶditioŶŶĠ Ŷotƌe ƌĠfleǆioŶ suƌ l’iŵpoƌtaŶĐe 
de la pƌise eŶ Đoŵpte de la ĐoŶfiguƌatioŶ passĠe du paǇsage suƌ les asseŵďlages d’espğĐes oďseƌvĠs 
actuellement. Nous y présentons des premiers éléments de matériels et méthodes pour une co-
aŶalǇse ŵeŶĠe aveĐ l’uŶiveƌsitĠ de ČeskĠ BudějoviĐe.  
Publication associée à cette partie : Article 8 (cf Tableau 2). 
Evolution des différents éléments de la TTVB dans le paysage au cours du temps. 
 
La surface forestière totale en France est en augmentation depuis 1830 (Cinotti, 1996 ; Dupouey et 
al., 2ϬϬϳͿ. Elle Ŷ’est ĐepeŶdaŶt pas uŶifoƌŵe au seiŶ du teƌƌitoiƌe ŶatioŶal ;IGN, 2ϬϭϰͿ. Ces foƌġts de 
ƌeĐoŶƋuġte soŶt jeuŶes ;ŵoiŶs de 2ϬϬaŶsͿ et Ŷ’oŶt pas eŶĐoƌe aĐƋuis les Đaƌactéristiques 
structurelles des stades terminaux de la sylvigenèse que sont les forts volumes et diversité de bois 
mort et dendromicrohabitats. Ces éléments récemment acquis par le paysage ne sont donc pas 
foƌĐĠŵeŶt eŶ ŵesuƌe d’assuƌeƌ uŶ haďitat favoƌaďle auǆ espğĐes sapƌoǆǇliƋues. L’augŵeŶtatioŶ de la 
surface forestière aurait alors un impact négatif sur les espèces dépendantes des milieux ouverts, 
sans pour autant favoriser les cortèges de coléoptères saproxyliques.  
 
La foƌġt Ŷ’est pas l’uŶiƋue haďitat des espğĐes sapƌoǆǇliƋues. Nous avoŶs ŵoŶtƌĠ ;aiŶsi Ƌue d’autƌes 
auteurs) que les éléments ligneux non forestiers participaient activement à la conservation des 
espèces saproxyliques. De plus, certaines espèces se sont révélées être des spécialistes des milieux 
non forestiers. Ces éléments peuvent être regroupés en trois groupes : (i) les bosquets et patches de 
bois de dimensions trop faibles pour être considérés en tant que forêts ; (ii) les structures linéaires. 
Ces structures sont constituées par des haies, des aligŶeŵeŶts d’aƌďƌes eŶ ďoƌd de ƌoute, de ďoƌd de 
Đouƌs d’eau ; (iii) les arbres isolés, ou regroupés par petits groupes, mais ne formant pas un bois ou 
ďosƋuet, et eŶtouƌĠs d’espaĐes ŶoŶ ďoisĠs.  
La plupart de ces éléments sont en régression depuis 1960 (Boureau et al., 2005 ; Pointereau et 
Coulon, 2006). Le rythme de disparition des haies était élevé entre 1960 et 1980 (45.000 km/an) puis 
a diminué entre 1980 et 1990 (15.000km/an) et s'est stabilisé depuis (Pointereau et Coulon, 2006). 
On observe également un accroissement de l'âge des arbres constitutifs des haies alors que leur 
linéaire diminue (Pointereau, 2ϬϬϭͿ. Cette situatioŶ Ŷ’est pas pƌopƌe à la FƌaŶĐe et peut ġtƌe 
constatée et en Pologne (Orlowski et Nowak, 2007) ou en République Tchèque (Miklin et Cizek, 
2014).  
Parmi ces éléments, le cas particulier des arbres solitaires ou des arbres de haies est à noter. Ces 
arbres étaient généralement traités de manière à fournir du bois de faible diamètre, sans provoquer 
la ŵoƌt de l’aƌďƌe ;Seďek et al., 2013). Ce traitement particulier de têtard conduit à la formation de 
cavités, dendromicrohabitats particulièrement favorables à la diversité des organismes 
sapƌoǆǇliƋues. Les ĐavitĠs soŶt des deŶdƌoŵiĐƌohaďitats oƌigiŶauǆ Ƌui se foƌŵeŶt au ďout d’uŶ 
proĐessus de plusieuƌs dizaiŶes d’aŶŶĠes. UŶe fois uŶe ĐavitĠ foƌŵĠe, elle peut -en fonction des 
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esseŶĐes ligŶeuses suƌ lesƋuelles elle s’est foƌŵĠe- constituer un dendromicrohabitat pour un riche 
Đoƌtğge d’espğĐes peŶdaŶt des dizaiŶes voiƌe des ĐeŶtaiŶes d’années.  
Les organismes saproxyliques utilisant ces habitats sont particulièrement sensibles à la disparition de 
leur habitat et au phénomène de dette d’eǆtiŶĐtioŶ (Ranius, 2007).  
 
Influence de la structure passée du milieu sur les populations actuelles 
La suƌvie des populatioŶs d’oƌgaŶisŵes sapƌoǆǇliƋues tieŶt à la dispoŶiďilitĠ eŶ ƋuaŶtitĠs suffisaŶtes 
de leuƌs haďitats. L’iŵpaĐt des aĐtivitĠs huŵaiŶes a laƌgeŵeŶt ƌĠduit la ƋuaŶtitĠ de foƌġts daŶs le 
paǇsage, et fƌagŵeŶtĠ Đet haďitat. Les patĐhes d’haďitat dans le paysage sont propices au 
fonctionnement en métapopulation des organismes. Dans ces milieux, les populations vont être 
tƌiďutaiƌes d’uŶ Ŷoŵďƌe vaƌiaďle de patĐhes d’haďitat daŶs le paǇsage. La ĐoŶŶeĐtivitĠ des patĐhes 
est un facteur clé pour assurer la survie de tels systèmes. Si la distance entre les patches est 
supĠƌieuƌe auǆ ĐapaĐitĠs de dispeƌsioŶ de l’espğĐe, ils Ŷe seƌoŶt pas ĐoŶŶeĐtĠs, et la ƋuaŶtitĠ 
d’haďitat dispoŶiďle va diŵiŶueƌ. Si Đette ƋuaŶtitĠ d’haďitat passe eŶ dessous du seuil de survie de 
l’espğĐe, elle Ŷe pouƌƌa pas à teƌŵe se ŵaiŶteŶiƌ daŶs le paǇsage et va dispaƌaitƌe. La dispaƌitioŶ 
d’espğĐes Ŷe s’effeĐtue doŶĐ pas foƌĐĠŵeŶt au ŵġŵe ƌǇthŵe Ƌue la dispaƌitioŶ d’haďitat. Ce 
phénomène est nommé « dette d’eǆtiŶĐtioŶ » (Tilman et al., 1994).  
Des phénomènes de dette d’eǆtiŶĐtioŶ et de réponses retardées dans le temps de la modification du 
milieu ont été mis en évidence pour plusieurs groupes taxinomiques :  
Pour les plantes vasculaires, Cousins et Eriksson (2002) ont mis en évidence que les assemblages 
actuels étaient plus influencés par la gestion appliquée il y a 300ans que par la gestion actuelle. De 
manière similaire, Lindborg et Eriksson (2004) ont mis en évidence que la connectivité passée du 
milieu (entre 50 et 100 ans) était uŶ paƌaŵğtƌe eǆpliƋuaŶt les asseŵďlages d’espğĐes aĐtuels. Pouƌ 
les lichens, la richesse en espèces était mieux expliquée par la structure passée (entre 110 et 140 
ans) du milieu que présente (Ellis et Coppins, 2007). Pour les mousses, Snäll et al, (2004) ont montré 
que la distribution actuelle de Neckera pennata était mieux expliquée par la connectivité de son 
habitat il y a 20ans que sa connectivité actuelle. Pour les carabes, Petit et Burel (1998) ont montré 
que la distribution actuelle de Abax parallellipipedus était reliée à une structure du paysage telle 
Ƌu’elle eǆistait ϰϬaŶs plus tôt. Pouƌ les ĐhaŵpigŶoŶs sapƌoǆǇliƋues, Paltto et al, (2006) ont montré 
Ƌue la deŶsitĠ d’espğĐes de ĐhaŵpigŶoŶs sapƌoǆǇliƋues ƌaƌes Ġtait plus iŶflueŶĐĠe paƌ le Đouveƌt 
foƌestieƌ passĠ ;ϭ2ϬaŶsͿ Ƌue paƌ d’autƌes vaƌiaďles ƌelatives à la situatioŶ aĐtuelle du ŵilieu.  
Pouƌ les ĐolĠoptğƌes sapƌoǆǇliƋues, Ŷous Ŷ’avoŶs tƌouvĠ auĐuŶe ƌĠfĠƌeŶĐe Ƌu’uŶ effet de dette 
d’eǆtiŶĐtioŶ ait été détecté ou même recherché. Seuls Hanski et Ovaskainen (2002) ont mis en 
ƌelatioŶ la pƌopoƌtioŶ d’espğĐes ƌaƌes dispaƌues loĐaleŵeŶt aveĐ l’iŶteŶsitĠ de l’eǆploitatioŶ 
foƌestiğƌe. Ils oŶt tƌouvĠ Ƌue la pƌopoƌtioŶ d’espğĐes dispaƌues Ġtait sigŶifiĐativeŵeŶt plus faiďle 
daŶs les paǇsages où l’aĐtivitĠ d’eǆploitatioŶ foƌestiğƌe Ġtait la plus faiďle. CeĐi suggğƌe uŶ effet de 
dette d’eǆtiŶĐtioŶ mais ne le démontre pas directement. De la même façon, Siitonen et Saaristo 
(2000) ont mis en évidence que Pytho kolwensis ne se maintenait que sur des zones ayant eu un 
Đouveƌt aƌďoƌĠ Đes ϭϱϬ deƌŶiğƌes aŶŶĠes. L’effet passĠ du paǇsage suƌ les populatioŶs aĐtuelles 
suggère un effet de dette d’eǆtiŶĐtioŶ, mais ne le démontre pas.  
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Problématique d’étude : Projet collaboratif franco-tchèque 
L’ĠvaluatioŶ de la ĐoŶtƌiďution des éléments non forestiers de la TTVB à la conservation des 
oƌgaŶisŵes sapƌoǆǇliƋues est eŶĐoƌe ŵal ĐoŶŶue. L’eǆploƌatioŶ Ƌue Ŷous avoŶs ĐoŶduite ƌĠvğle 
pouƌtaŶt des stƌuĐtuƌes esseŶtielles au ŵaiŶtieŶ d’espğĐes saproxyliques peu forestières (cf Chapitre 
IIIͿ. Ces ĠlĠŵeŶts foƌŵeŶt à l’ĠĐhelle du paǇsage uŶ ƌĠseau plus ou ŵoiŶs ĐoŶŶeĐtĠ, Ƌui teŶd à se 
fƌagŵeŶteƌ de plus eŶ plus depuis ϲϬaŶs eŶ FƌaŶĐe ;CiŶotti, ϭϵϵϲͿ, ŵais aussi daŶs d’autƌes paǇs 
européens (Miklin et Cizek, 2014). Dans ce contexte particulier, il est possible que les milieux actuels 
Ŷe puisseŶt dĠjà plus souteŶiƌ les populatioŶs d’espğĐes sapƌoǆǇliƋues peu foƌestiğƌes Ƌu’ils aďƌiteŶt. 
Ces populatioŶs seƌaieŶt aloƌs souŵises à uŶ effet de dette d’eǆtiŶĐtioŶ. Ce ĐoŶstat aŵğŶe à se poseƌ 
les questions suivantes : 
- La structuration passée du paysage influence-t-elle la ĐoŵpositioŶ et le Ŷoŵďƌe d’espğĐes 
des ĐoŵŵuŶautĠs de ĐolĠoptğƌes sapƌoǆǇliƋues oďseƌvĠes aujouƌd’hui, eŶ ĐoŵpaƌaisoŶ du 
paysage actuel ? 
 
Matériel et méthodes 
Nous allons co-analyser les données faunistiques issues de notre expérimentation menée sur la 
comparaison des assemblages en coléoptères saproxyliques entre arbres isolés et forêt et des 
données similaires en provenance de République Tchèque. Nous présentons ici des éléments de 
matériel et méthodes provisoires.  
Sites d’Ġtude : EŶ FƌaŶĐe, deuǆ paǇsages atelieƌs oŶt ĠtĠ ĠĐhaŶtilloŶŶĠs, l’Allieƌ et les YveliŶes ;Đf 
Chapitre III). En république tchèque, ce sont trois paysages ateliers qui ont été retenus.  
Coléoptères saproxyliques : Les assemblages de coléoptères saproxyliques ont été échantillonnés à 
l’aide de piğges à iŶteƌĐeptioŶ. Les piğges ĠtaieŶt suspeŶdus à hauteuƌ de la pƌeŵiğƌe ĐhaƌpeŶtiğƌe. 
Le ŵĠlaŶge ĐoŶseƌvateuƌ Ŷe ĐoŶteŶait pas d’attƌaĐtif. L’haƌŵoŶisatioŶ de la Ŷomenclature utilisée 
entre les différentes parties reste à conduire.  
DeŶsitĠ passĠe et pƌĠseŶte d’ĠlĠŵeŶts de la TTVB ŶoŶ foƌestieƌs daŶs le paǇsage : L’ĠvolutioŶ de la 
stƌuĐtuƌatioŶ spatiale du paǇsage ƌepose suƌ l’aŶalǇse et la ĐoŵpaƌaisoŶ de photogƌaphies aĠƌieŶŶes 
passĠes aveĐ des photos ƌĠĐeŶtes ;eŶ s’iŶspiƌaŶt de Duďois et al., 2009a). Dans le cas de la 
république tchèque, ces couches photographiques sont disponibles pour la totalité du pays 
(http://kontaminace.cenia.cz/Ϳ. Elles ƌeŵoŶteŶt à eŶviƌoŶ ϭϵϯϴ et peƌŵetteŶt d’estiŵeƌ l’ĠvolutioŶ 
du paysage (en particulier les éléments relatifs à la TTVB) au cours de ces 80 dernières années. En 
France, ces images sont disponibles (http://www.geoportail.gouv.fr/accueil) mais datant 
ŵajoƌitaiƌeŵeŶt des aŶŶĠes ϭϵϱϬ et Ŷe peƌŵettaŶt d’estiŵeƌ l’ĠvolutioŶ du paǇsage que durant ces 
60 dernières années. De plus, une étape de géoréférencement de ces images est à prévoir.  
Nous considérons trois types de structures de la TTVB à cartographier : (i) la surface forestière. Le 
bois mort et les dendromicrohabitats sont des éléments essentiels pour la survie des organismes 
saproxyliques (Bouget et al., 2014). Ces éléments ne sont pas répartis de manière uniforme au sein 
des foƌġts ou zoŶes aƌďoƌĠes, et Ŷe soŶt pas de ŵġŵe Ŷatuƌe eŶ foŶĐtioŶ de l’âge et de l’iŶteŶsitĠ 
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d’eǆploitation qui leur est associée. La caractérisation au niveau du paysage de ces éléments 
d’haďitat paƌtiĐulieƌs est Đoŵpleǆe et ŶĠĐessite uŶ louƌd iŶvestisseŵeŶt de teƌƌaiŶ. De Đe fait, paƌ 
souĐi pƌatiƋue de faisaďilitĠ de l’Ġtude, Ŷous ĐoŶsidĠƌoŶs toutes les surfaces forestières ou arborées 
daŶs le paǇsage Đoŵŵe d’Ġgale ƋualitĠ eŶ taŶt Ƌu’haďitat pouƌ les ĐolĠoptğƌes sapƌoǆǇliƋues. ;iiͿ les 
stƌuĐtuƌes liŶĠaiƌes. Ces stƌuĐtuƌes soŶt ĐoŶstituĠes paƌ des haies, des aligŶeŵeŶts d’aƌďƌes eŶ ďoƌd 
de route, de bord de Đouƌs d’eau … ;iiiͿ les aƌďƌes isolĠs.  
Les caractéristiques structurelles de chacun de ces éléments (dimensions minimales pour être 
considérés) restent cependant à préciser.  
 
Variables : Nous eŶvisageoŶs d’Ġtudieƌ l’iŶflueŶĐe passĠ et pƌĠseŶte de ;iͿ la ƋuaŶtitĠ d’haďitat daŶs 
le paǇsage. DaŶs Đette appƌoĐhe, ĐhaƋue ĠlĠŵeŶt est ĐoŶveƌti eŶ uŶe suƌfaĐe d’haďitat. ;iiͿ la 
connectivité du milieu. Dans cette approche, chaque élément est également converti en surface 
d’haďitat, ŵais les ƌelatioŶs de distaŶĐe entre les différents éléments et leur importance surfacique 
est conservée (Calabrese et Fan, 2004 ; Kupfeƌ, 2Ϭϭ2Ϳ. L’estiŵatioŶ de la ĐoŶŶeĐtivitĠ du ŵilieu seƌa 
menée avec le logiciel FRAGSTAT (McGarigal et al., 2004). La connectivité du milieu sera menée par 
une méthode basée sur la théorie des graphes (Newman, 2003). Cette méthode a été largement 
employée en biologie de la conservation ces dernières années (Carranza et al., 2012 ; Decout et al, 
2Ϭϭ2Ϳ. Coŵŵe toute ŵĠthode, elle Ŷ’est pas eǆeŵpte de ďiais Ƌu’il faudƌa pƌeŶdƌe eŶ Đoŵpte 
(Moilanen, 2011).  
 
Analyses envisagées : les différentes variables (en opposant passé/présent) seront mises en relation 
avec les caractéristiques des assemblages de coléoptères saproxyliques contactés (richesse 
spécifique, abondance, composition) grâce à des modèles linéaires mixtes ou généralisés. 
L’utilisatioŶ de Đes ŵodğles peƌŵet eŶ effet uŶe iŶtĠgƌatioŶ des effets spatiauǆ iŶhĠƌeŶts à la 
stƌuĐtuƌe de Ŷotƌe zoŶe d’ĠĐhaŶtilloŶŶage et des effets Ƌue Đela peut avoiƌ suƌ les Đoƌtğges d’espğĐes 
obtenus. Les analyses seront réalisées avec le logiciel R (R core Team, 2014).  
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Cette partie est dédiée à la synthèse générale des principaux résultats obtenus lors des différents 
travaux menés au cours de cette thèse (cf tableaux de synthèse individuels 3 ; 4 ; 5 ; 6 et 7). Cette 
sǇŶthğse va peƌŵettƌe d’Ġŵettƌe des pƌopositioŶs de ŵesuƌes de gestioŶ appliƋuĠes pouƌ uŶe 
meilleure conservation des coléoptères saproxyliques. Ces recommandations viendront soutenir les 
recommaŶdatioŶs dĠjà pƌĠĐoŶisĠes paƌ l’ONF ;2ϬϬϵͿ daŶs les foƌġts puďliƋues.  
L’oďjeĐtif de Đette thğse était de mieux comprendre le rôle joué par les différents éléments de la 
TTVB à la conservation des espèces saproxyliques, aux échelles spatiales locales et paysagères. Nous 
avons décliné notre approche selon deux axes, correspondant aux deux échelles spatiales d’Ġtude :  
- Quel est le rôle intrinsèque des éléments de la Trame de Très Vieux Bois à la conservation 
des coléoptères saproxyliques ?  
- Quelle est l’iŶflueŶĐe de la ƋuaŶtitĠ d’ĠlĠŵeŶts de la TTVB daŶs le paǇsage sur les 
asseŵblages d’espğĐes de ĐolĠoptğres saproǆǇliƋues ?  
 
Partie I : Synthèse des résultats et application à la mise en place des 
éléments de la TTVB en forêt publiques 
I) Les éléments de la TTVB : une efficacité de conservation contrastée 
EŶ Đas d’aƌƌġt d’eǆploitatioŶ ou d’eǆploitatioŶ retardée (Ilots de vieillissement (IV)), les 
compartiments « bois mort » et « dendromicrohabitats » se régénèrent (Stokland et al., 2012 ; 
Larrieu, 2014). Cette régénération apparait cependant différente en fonction des structures de 
conservation étudiées (Parmain et al., in prep [3] ; Bouget et al., 2014 [7]).  
 
I.1) Evolution du milieu après abandon d’exploitation ou rallongement du cycle sylvicole 
L’aƌƌġt ou le délai d’eǆploitatioŶ des peuplements forestiers entraine une croissance prolongée des 
arbres, provoquant une augmentation de leur diamètre (Parmain et al., in prep [3] ; Bouget et al., 
2014 [5]) mais également de leur surface totale à l’heĐtaƌe Bouget et al, (2014) [5]. Les rapports 
entre volume de bois mort/volume total de bois (bois vivant + bois mort) sont supérieurs en zones 
non exploitées Bouget et al, (2014) [5]. Le volume total de bois mort ainsi que de 
dendromicrohabitats y est également supérieuƌ. Au ĐoŶtƌaiƌe, les zoŶes ou l’eǆploitatioŶ fiŶale du 
peuplement est retardée ne voient pas leurs volumes de bois mort ou de dendromicrohabitats 
augmenter Parmain et al, in prep [3].  
I.1.1) Evolution de la densité et de la diversité du bois mort 
Le ďois ŵoƌt Ŷ’est pas hoŵogğŶe, il est ĐoŶstitué de nombreux éléments, tels le boi mort sur pied ou 
au sol, de petit ou gros diamètre. Associés aveĐ leuƌ esseŶĐe d’oƌigiŶe et leur degré de 
décomposition, ils constituent un grand nombre possibles de types de bois mort. Au sein des zones 
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eǆploitĠes, ĐeƌtaiŶs tǇpes de ďois ŵoƌt seƌoŶt plus ƌaƌes Ƌue d’autƌes. C’est paƌ eǆeŵple le Đas pouƌ 
les bois morts de fort diamètre (Bouget et al., (2014) [5]). Nous avons montré que le volume de bois 
mort représenté par les gros diamètres (debout ou au sol) étaient 8 fois plus important dans les 
zones non exploitées depuis au moins 30ans par rapport aux zones exploitées depuis moins de 
30ans. Au contraire, les petits bois morts peu décomposés ont été retrouvés en nombre plus 
importants dans les zones exploitées (Moroni et Ryan, 2010). Nous avons observé que la diversité 
totale de bois mort en zones non exploitées était faiblement supérieure à la diversité retrouvée en 
zones exploitées (Bouget et al., 2014 [5]). Cette oďseƌvatioŶ peut s’eǆpliƋueƌ paƌ la courte période 
que représentent 30 années de non exploitation dans le contexte de forêts se développant sur 
plusieuƌs ĐeŶtaiŶes d’aŶŶĠes. Le volume et diversité de bois mort obtenus après 30/100 ans de non 
exploitation n’atteigŶeŶt pas les voluŵes de ďois ŵoƌt Ƌui peuveŶt ġtƌe oďseƌvĠs eŶ foƌġts 
͚Ŷatuƌelles’, Ƌui Ŷ’oŶt jaŵais ;ou tƌğs faiďleŵeŶtͿ ĠtĠ eǆploitĠes ;Gilg, 2ϬϬ4 ; Bobiec, 2002).  
Au ĐoŶtƌaiƌe des ƌĠseƌves foƌestiğƌes, les stoĐks de ďois ŵoƌt Ŷ’ĠtaieŶt pas plus élevés dans les IV 
témoins que dans les IV arrivés à terme (Parmain et al, in prep [3]). Les structures d’haďitat clés pour 
la ĐoŶseƌvatioŶ des ĐolĠoptğƌes sapƌoǆǇliƋues Ŷ’Ǉ ĠtaieŶt pas ŶoŶ plus présentes en quantités plus 
importantes. Cette non-modification du milieu peut être la résultante de deux facteurs : d’uŶe paƌt le 
ŵaiŶtieŶ de l’eǆploitatioŶ foƌestiğƌe au Đouƌs du dĠveloppeŵeŶt de l’IV, et d’autƌe paƌt, la faible 
duƌĠe de l’eǆteŶsioŶ de ƌotatioŶ. PouƌtaŶt, daŶs uŶ souĐi de dĠteĐtaďilitĠ d’effets potentiels, nous 
avoŶs Đhoisi d’Ġtudieƌ l’effet de l’ĠƋuivaleŶt de deuǆ ƌotatioŶs d’aŵĠŶageŵeŶt foƌestieƌ, soit uŶ 
aĐĐƌoisseŵeŶt d’eŶviƌoŶ ϭϬĐŵ du diaŵğtƌe des aƌďƌes, ĐoƌƌespoŶdaŶt à eŶviƌoŶ ϱϬaŶs de duƌĠe 
d’eǆteŶsioŶ de ƌotatioŶ. De manière similaire, Lassauce et al, (2013Ϳ oŶt ŵoŶtƌĠ Ƌu’eŶ ĐhġŶaie, le 
voluŵe total de ďois ŵoƌt Ŷ’Ġtait pas plus iŵpoƌtaŶt eŶtƌe des plaĐettes de ϭϲϬ et 22Ϭ aŶs où 
l’aĐtivitĠ foƌestiğƌe Ġtait ŵaiŶteŶue. Nous avons mis en évidence que les volumes de bois mort 
étaient significativement plus élevés après 30 ans de non-exploitation en chênaie et en hêtraie 
(Bouget et al., 2014 [5]). Meyer et Schmidt (2011) oŶt ŵoŶtƌĠ Ƌu’eŶ hġtƌaie, 9 ans de non-
exploitation ans étaient suffisants pour doubler le volume de bois mort initialement présent. Il 
semblerait donc que ce soit le maintien des activités sylvicoles qui empêche toute régénération des 
stocks de bois mort.  
En milieu extra-forestier, les volumes de bois mort observés aux alentours des arbres solitaires 
étaient bien inférieurs à ceux observés en forêt (Parmain et al. in prep [4]). La genèse du bois mort 
est pƌiŶĐipaleŵeŶt due ;hoƌs ĠvğŶeŵeŶts ĐatastƌophiƋuesͿ auǆ fƌotteŵeŶts eŶtƌe ďƌaŶĐhes d’aƌďƌes 
et à la compétition entre tiges (Siitonen, 2001). La cause principale de la diférence de volumes 
observés pouƌƌait ġtƌe la deŶsitĠ iŶfĠƌieuƌe d’aƌďƌes à l’heĐtaƌe et l’aďseŶĐe de sous-bois en milieu 
non forestier par rapport au milieu forestier. Cette deŶsitĠ d’aƌďƌes inférieure ne perpermet pas une 
dǇŶaŵiƋue de ƌeĐƌuteŵeŶt de ďois ŵoƌt aussi iŶteŶsse Ƌu’eŶ foƌġt. Ce phénomène peut être 
amplifié paƌ la pƌessioŶ Ƌu’eǆeƌĐeŶt les tƌoupeauǆ d’aŶiŵauǆ Ƌui voŶt piĠtiŶeƌ et dĠstƌuĐtuƌeƌ les 
branches mortes tombées au sol, ou au propriétaire privé qui va venir récolter ces branches.  
 
I.1.2) Variations des stocks de dendromicrohabitats 
Nous avons constaté une augmentation de la quantité et de la diversité de dendromicrohabitats dans 
les zones forestières non-exploitées depuis au moins 30 ans par rapport aux zones exploitées depuis 
moins de 30 ans (Bouget et al., 2014 [5]Ϳ. CeƌtaiŶs deŶdƌoŵiĐƌohaďitats soŶt issus d’uŶ pƌoĐessus 
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pouvaŶt duƌeƌ plusieuƌs dizaiŶes d’aŶŶĠes ;ĐavitĠs, voiƌ Laƌƌieu, 2Ϭϭϰ et Seďek et al., 2013). Au 
contƌaiƌe, d’autƌes peuveŶt se foƌŵeƌ eŶ uŶ iŶstaŶt à la suite d’uŶ ĠvğŶeŵeŶt ĐatastƌophiƋue 
;teŵpġteͿ, tels les houppieƌs ďƌisĠs, les feŶtes, les plages d’ĠĐoƌĐes dĠĐollĠes. Au sein des parcelles 
exploitées, les arbres porteurs de dendromicrohabitats vont avoir une valeur marchande moins forte, 
car entrainant des défauts techniques dans le bois, des pourritures. La pƌoďaďilitĠ d’oĐĐuƌƌeŶĐe des 
deŶdƌoŵiĐƌohaďitats augŵeŶte doŶĐ aveĐ le diaŵğtƌe de l’aƌďƌe ;Laƌƌieu et Cabanettes, 2012).  
Au sein des zones particulières que sont les IV, ni la quantité ni la diversité moyenne de 
deŶdƌoŵiĐƌohaďitats paƌ tƌğs gƌos aƌďƌes ;DBH>ϳϬĐŵͿ Ŷ’ĠtaieŶt iŵpaĐtĠes. PouƌtaŶt, la duƌĠe 
d’eǆteŶsioŶ de ƌotatioŶ ĠtudiĠe dĠpassait les ϯϬ aŶs, duƌĠe suffisaŶte peƌŵettaŶt l’augŵeŶtatioŶ de 
la quantité et diversité de dendromicrohabitats en zone non exploitée (Bouget et al., 2014 [5]). Là 
eŶĐoƌe, à l’iŶstaƌ du ďois ŵoƌt, le ŵaiŶtieŶ des aĐtivitĠs sǇlviĐoles Ŷe peƌŵet pas l’augŵeŶtatioŶ de 
la quantité et diversité des dendromicrohabitats dans le peuplement.  
Individuellement, les arbres solitaires portaient davantage de dendromicrohabitats que les arbres 
foƌestieƌs. PouƌtaŶt, la deŶsitĠ eŶ deŶdƌoŵiĐƌohaďitats à l’heĐtaƌe Ġtait ideŶtiƋue en tre forêt et 
arbres solitaires. La diversité des dendromicrohabitats était également plus forte sur les arbres 
solitaires que sur les arbres forestiers. Au contraire de la quantité, la diversité en 
deŶdƌoŵiĐƌohaďitats Ŷ’Ġtait pas Ġgale eŶtƌe arbres forestiers et arbres solitaires. Les arbres solitaires 
possĠdaieŶt uŶe plus gƌaŶde diveƌsitĠ de deŶdƌoŵiĐƌohaďitats à l’heĐtaƌe ;PaƌŵaiŶ et al, in prep [4]). 
L’aĐƋuisitioŶ des deŶdƌoŵiĐƌohaďitats paƌ les aƌďƌes solitaiƌes va faiƌe iŶteƌveŶiƌ des phĠŶoŵğŶes 
naturels et des phénomènes anthropiques. EŶ plus d’ġtƌe soumis aux perturbations naturelles 
͚ĐlassiƋues’, les aƌďƌes solitaiƌes soŶt eǆploitĠs paƌ l’Hoŵŵe. Des ďesoiŶs eŶ ďois de Đhauffage et 
d’affouage pouƌ le ďĠtail oŶt conduit l’hoŵŵe à eǆploiteƌ Đes aƌďƌes saŶs Đauseƌ leuƌ ŵoƌt, paƌ 
opposition aux arbres forestiers (Sebek et al., 2013). Ce traitement favorise la création de 
dendromicrohabitats (Sebek et al., 2013) et explique la densité et diversité plus importante des 
deŶdƌoŵiĐƌohaďitats oďseƌvĠe au Ŷiveau de l’aƌďƌe solitaiƌe paƌ ƌappoƌt à l’aƌďƌe foƌestieƌ.  
La ĐiŶĠtiƋue d’aĐĐuŵulatioŶ du ďois ŵoƌt et deŶdƌoŵiĐƌohaďitat seŵďle doŶĐ diffĠƌeŶte eŶ foŶĐtioŶ 
des types forestiers et du contexte. Les peuplements de Hêtraie voient leur volume de bois mort 
augŵeŶteƌ plus ƌapideŵeŶt Ƌu’eŶ ChġŶaie. CepeŶdaŶt, les pĠƌiodes de temps sur lesquelles ces 
phénomènes ont été observés sont relativement courtes.  
Quelle est la dǇŶaŵiƋue d’aĐĐuŵulatioŶ du ďois ŵoƌt et des deŶdƌoŵiĐƌohaďitats suƌ de loŶgues 
périodes ? Cette accumulation est-elle dépendante du type de peuplement forestier ? La dynamique 
est-elle la même en forêt de plaine et de montagne ? Au bout de combien de temps de non 
exploitation les caractéristique structurelles du peuplement se rapprochent de celles des forêts 
naturelles ?  
Quelles différences peut-il y avoir eŶtƌe dǇŶaŵiƋue d’aĐĐuŵulatioŶ de ďois ŵoƌt et des 
dendromicrohabitats en zones forestières et non-forestières ?  
 
I.2) Réponse des coléoptères saproxyliques aux variations locales d’habitat 
Nous avons montré une faible réponse positive de la part des assemblages de coléoptères 
sapƌoǆǇliƋues à l’aƌƌġt de l’eǆploitatioŶ foƌestiğƌe suƌ uŶe pĠƌiode d’eŶviƌoŶ ϯϬ ans (Bouget et al., 
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2014 [5]). Cet effet est largement dû à l’augŵeŶtatioŶ eŶ ƋuaŶtitĠ et diveƌsitĠ des éléments d’haďitat 
clés de bois mort et de dendromicrohabitats favorables aux coléoptères saproxyliques (Bouget et al., 
2013 [6]Ϳ. CepeŶdaŶt, iŶdĠpeŶdaŵŵeŶt de l’aŵĠlioƌatioŶ de l’haďitat, le faĐteuƌ de duƌĠe de ŶoŶ-
eǆploitatioŶ avait ĠgaleŵeŶt uŶ ƌôle eǆpliĐatif de la ĐoŵpositioŶ des asseŵďlages d’espèces et la 
richesse spécifique totale observée. Bien que cet effet soit faiďle, il suppose l’eǆisteŶĐe d’uŶ 
phénomène temps-dépendant et non uniquement habitat-dépendant régissant la colonisation ou 
l’eǆpaŶsioŶ des populatioŶs loĐales. Ce processus de colonisation temps-dépendant est à rapprocher 
du pƌoĐessus d’eǆtiŶĐtioŶ ;dette d’eǆtiŶĐtioŶͿ qui est lui aussi temps dépendant (Hanski et 
Ovaskainen, 2002). Dans les deux cas, le temps est un facteur clé, et les délais de réponse des 
organismes saproxyliques pourraient dépasser les périodes de temps actuellement étudiées.  
Nous avoŶs ĠgaleŵeŶt ŵis eŶ ĠvideŶĐe la ŶeutƌalitĠ d’effiĐaĐitĠ des IV pour la conservation des 
coléoptères saproxyliques. Les assemblages de coléoptères saproxyliques ne sont pas plus riches ou 
plus abondants dans les IV témoins que dans les IV à terme. De plus, aucune modification favorable 
de l’haďitat eŶ faveuƌ des ĐolĠoptğƌes sapƌoǆǇliƋues Ŷ’est oďseƌvĠe ;PaƌŵaiŶ et al. in prep [3]). Ces 
ilots arrivés à terme ne sont donc pas plus aptes à conserver la biodiversité que 25 ou 50 ans 
auparavant. Cette conclusion est valable pour les coléoptères saproxyliques mais pourrait être 
diffĠƌeŶte pouƌ d’autƌes oƌgaŶisŵes sapƌoǆǇliƋues. Si Đela Ġtait avĠƌĠ, aloƌs Đes zoŶes ĐoŶstitueƌaieŶt 
de grands pièges écologiques (Hedin et al., 2008 ; Victorsson et Jonsell, 2012). Dans le cas particulier 
que représente les coléoptères saproxyliques et au vu des inconnues qui planent sur les délais de 
réponses aux modifications du milieu, nous ne concevons la conservation en faveur de ces 
oƌgaŶisŵes Ƌu’à tƌaveƌs l’utilisatioŶ de structures fixes dans le temps et le paysage. Les structures 
temporaires de conservation sont au mieux inefficaces, et au pire voŶt à l’eŶĐoŶtƌe des oďjeĐtifs 
Ƌu’elles souhaiteŶt ƌeŵplir.  
 
Le changement de ƋualitĠ d’habitat (augmentation ou diminution, échelle locale ou paysagère) 
favorables aux ĐolĠoptğƌes sapƌoǆǇliƋues peut s’effeĐtueƌ assez ƌapideŵeŶt, mais leur délai réponse 
est plus important, dépassant la dizaiŶe d’aŶŶĠes. Des phénomènes dépendants de stades plus 
avaŶĐĠs de l’ĠvolutioŶ du ŵilieu soŶt-ils à l’œuvƌe ? L’aŶĐieŶŶetĠ du milieu forestier est il un 
paramètre déterminant pour les coléoptères saproxyliques ? 
 
Nos résultats issus de la comparaison des assemblages des coléoptères saproxyliques des arbres 
forestiers avec des arbres solitaires sont conformes avec de précédentes études (Sverdrup-Thygeson, 
2009Ϳ. Nous avoŶs ŵis eŶ ĠvideŶĐe uŶe Ġgale ƌiĐhesse d’espğĐes entre ces deux milieux. Pourtant, 
seule la moitié des espèces est commune eŶtƌe les deuǆ ĐoŶteǆtes. La ƌeĐheƌĐhe d’espğĐes 
indicatrices de chaque milieu a permis de mettre en évidence plusieurs espèces caractéristiques des 
arbres isolés (Parmain et al., in prep [4]Ϳ. Ces ƌĠsultats ŵetteŶt eŶ ĠvideŶĐe l’iŶtĠƌêt que 
représentent les éléments non-forestiers (ici les arbres isolés) pour la conservation des coléoptères 
saproxyliques, car abritant des espèces non retrouvées en forêt.  
Les arbres isolés ne sont pas les seuls éléments singuliers de la TTVB. Les ripisylves sont à bien des 
égards des milieux hautement favorables à la biodiversité saproxylique. Les habitats originaux fournis 
  219 
Discussion générale 
paƌ les ƌipisǇlves et les esseŶĐes paƌtiĐuliğƌes Ƌu’elles aďƌiteŶt pouƌƌaieŶt constituer des habitats 
singuliers, non retrouvés en forêts et supportant des espèces spécifiques. 
Quelle est la contribution des ripisylves à la conservation de la biodiversité saproxylique ? Cette 
contribution est-elle différente en fonction des contextes altitudinaux ? Quelle est la dynamique du 
bois morts et dendromicrohabitats en ripisylve ?  
 
Nous avoŶs ŵoŶtƌĠ Ƌue l’ouveƌtuƌe du ŵilieu iŶflueŶĐe foƌteŵeŶt les ĐoŵŵuŶautĠs de ĐolĠoptğƌes 
saproxyliques (Parmain et al., [4] ; Bouget et al., 2013 [6]). Coŵŵe eǆpƌiŵĠ eŶ disĐussioŶ de l’aƌtiĐle 
[4], cette relation a été observée par de nombreux auteurs et amène à des réflexions plus larges sur 
la stƌuĐtuƌatioŶ Ŷatuƌelle d’uŶe foƌêt, en particulier la chênaie (Whitehouse et Smith, 2004). 
CepeŶdaŶt, l’influeŶĐe positive de l’ouveƌtuƌe du ŵilieu suƌ les ĐolĠoptğƌes sapƌoǆǇliƋues a 
principalement été mise en évidence par des Ġtudes ĐoŶduites à l’aide de piğges à iŶteƌĐeptioŶ. 
Cette méthode permet de contacter les espèces se déplaçant par le vol au sein des peuplements 
ĠtudiĠes. Le Ŷoŵďƌe plus iŵpoƌtaŶt d’espğĐes ĐoŶtaĐtĠes daŶs les ŵilieuǆ plus ouveƌts pourrait donc 
être la résultante de deux facteurs : (i) Zones plus thermophiles, impliquant une activité plus 
importante des individus dans les zones ouvertes que dans les zones fermées, et donc, une plus 
gƌaŶde dĠteĐtioŶ d’iŶdividus et d’espğĐes. (ii) Les zones plus ouvertes pourraient être synonymes de 
perturbations locales induisant la création de bois mort, des blessures sur les arbres voisins et le 
développement de dendromicrohabitats. La plus grande ressource en habitats ainsi créée au sein des 
zoŶes ouveƌtes pouƌƌait ĠgaleŵeŶt eǆpliƋueƌ le plus gƌaŶd Ŷoŵďƌe d’espğĐes Ƌui Ǉ soŶt ĐoŶtaĐtĠes.  
L’ouveƌtuƌe du ŵilieu en tant que paƌaŵğtƌe d’haďitat structurant les assemblages de coléoptères 
saproxyliques est-elle issue d’un biais méthodologique associé au piège à interception ?  
 
II) Effets de masse et de débordement : Le rôle source des réserves forestières 
Nous avoŶs ŵis eŶ ĠvideŶĐe l’iŵpoƌtaŶĐe de la ƋuaŶtitĠ de ƌĠserves forestières dans le paysage sur 
la richesse en espèces de coléoptères saproxyliques. La quantité de réserve dans le paysage semble 
agir de deux manières : par effet de masse (Fahrig, 2013) ; la richesse au sein des réserves augmente 
avec la proportion de réserve dans le paysage, par effet de débordement ; les espèces présentes 
dans les réserves atteignent des seuils populationnels qui produisent un nombre plus important 
d’iŶdividus dispeƌsaŶt daŶs les zoŶes ŶoŶ-réserves. La relation entre la surface forestière en réserve 
et richesse ou abondance des espèces ne suit pas une relation linéaire. Nous avons mis en évidence 
des effets de seuils. Ces seuils soŶt de l’oƌdƌe de 2Ϭ% de suƌfaĐe foƌestiğƌe eŶ ƌĠseƌve daŶs le 
paǇsage. PassĠ Đe seuil, l’aĐĐuŵulatioŶ des espèces (ou des individus) par le milieu est beaucoup plus 
importante. De plus, ces relations entre quantité de réserve et richesse en espèces ne sont pas 
identiques entre forêts de plaine et forêt de montagne (Parmain et al., in prep [7]).  
Nos résultats mettent en évidence la nécessité de raisonner simultanément à plusieurs échelles 
spatiales pour assurer une conservation efficace de la biodiversité des coléoptères saproxyliques : En 
pƌeŵieƌ lieu, l’ĠĐhelle loĐale, peƌŵet la ĐoŵpƌĠheŶsioŶ des phĠŶoŵğnes régissant les assemblages 
locaux de coléoptères saproxyliques. Cette compréhension permet de mettre en place des mesures 
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ĐoŶseƌvatoiƌes peƌtiŶeŶtes à l’ĠĐhelle loĐale, telles les arbres habitats, les ilots de sénéscence ou les 
réserves forestières.  
En second lieu, l’ĠĐhelle paǇsagğƌe. BieŶ Ƌu’aǇaŶt des effets positifs au Ŷiveau loĐal ;Bouget et al., 
2014 [5] ; Parmain et al., in prep[4]), les structures forestières de la TTVB (ici les réserves) ont des 
effets à l’ĠĐhelle du paysage (Parmain et al., in prep[7]). Ces derniers semblent régis par des relations 
seuils eŶtƌe espğĐes et ƋuaŶtitĠ d’haďitat. AiŶsi, si la ƋuaŶtitĠ de ƌĠseƌves daŶs le paǇsage foƌestieƌ 
est eŶ dessous des seuils dĠteĐtĠs, ďieŶ Ƌue loĐaleŵeŶt effiĐaĐes, Đes ƌĠseƌves Ŷ’auƌoŶt Ƌu’uŶ impact 
faible au niveau de la forêt. Au contraire, au-delà des seuils détectés, les effets locaux auront une 
répercussion sur la totalité du paysage forestier.  
Les effets de masse et de débordement sont proposés pour expliquer le phénomène observé. 
CependaŶt, les pƌotoĐoles ŵis eŶ plaĐe pouƌ Ŷos Ġtudes Ŷe pƌĠvoǇaieŶt pas d’Ġtudieƌ Đes 
phénomènes, ni de les mettre en évidence.  
Comment mettre en évidence de tels effets ? À partir de quels niveaux populationnels interviennent-
ils ? Sur quelles distances sont-ils effectifs ? Ces conditions sont-elles constantes entre différents 
types de peuplements et de conditions altitudinales ?  
 
De manière plus large, la question de la répartition spatiale des différents éléments forestiers et non 
forestiers de la TTVB reste posée. Comment les espèces réagissent à divers degrés de fragmentation 
du paysage ? Le réseau crée par les différents éléments de la TTVB est-il fonctionnel ? Des efforts de 
conservation ciblés sur certains éléments sont-ils à fournir ? 
 
III) Mesures de gestion en faveur de la biodiversité saproxylique 
Nos ƌĠsultats ŵetteŶt eŶ eǆeƌgue plusieuƌs poiŶts ĐlĠs pouƌ l’aŵĠlioƌatioŶ des ŵesuƌes 
conservatoires actuelles à prendre en faveur des coléoptères saproxyliques. Ces différents éléments 
sont traduits ici en appliĐatioŶs pƌatiƋues à ŵettƌe eŶ plaĐe paƌ le gestioŶŶaiƌe souĐieuǆ d’aŵĠliorer 
les ĐapaĐitĠs d’aĐĐueil de ͚sa’ foƌġt pouƌ la ďiodiveƌsitĠ des oƌgaŶisŵes sapƌoǆǇliƋues.  
III.1) Choisir efficacement les arbres habitats 
Lors des différentes opérations sǇlviĐoles, laisseƌ uŶ ŵaǆiŵuŵ d’aƌďƌes à faiďle valeuƌ ĠĐoŶoŵiƋue 
en place, ou les arbres présentant des dendromicrohabitats particuliers, tels les arbres à cavités. Les 
arbres présentatnt plusieurs types de dendromicrohabitats sont à privilégier. Cette étape est 
d’autaŶt plus iŵpoƌtaŶte loƌs de la Đoupe dĠfiŶitive. Nous avoŶs eŶ effet ŵoŶtƌĠ Ƌue les asseŵďlages 
d’espğĐes de ĐolĠoptğƌes sapƌoǆǇliƋues soŶt seŶsiďles à la pƌĠseŶĐe de deŶdƌoŵiĐƌohaďitats suƌ les 
arbres isolés (Parmain et al, in prep[4]). Bien que nos résultats soient fondés sur de arbres non 
foƌestieƌs, plusieuƌs Ġtudes oŶt dĠŵoŶtƌĠ l’iŵpoƌtaŶĐe du ŵaiŶtieŶ d’aƌďƌes isolĠs eŶ foƌġt au 
moment de la coupe définitive (Rosenvald et Lohmus, 2008 ; Hyvärinen et al., 2005). Ces arbres 
peuvent être conservés individuellement ou par patches, chaque configuration ayant ses avantages 
et inconvénients. Des ƋuestioŶs deŵeuƌeŶt ƋuaŶd à la pƌopoƌtioŶ d’aƌďƌes à ĐoŶseƌveƌ à l’heĐtaƌe, 
pour fournir des objectifs de conservation sur lesquels le gestionnaire va pouvoiƌ s’appuǇeƌ.  
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III.2) Ilots de vieux bois : vieillissement ou sénéscence ? 
EŶ FƌaŶĐe, les ŵesuƌes de ƌalloŶgeŵeŶt du ĐǇĐle sǇlviĐole oŶt ĠtĠ ŵises eŶ plaĐe daŶs l’oďjeĐtif de 
concilier production de bois de qualité et protection de la biodiversité (Jaret 2004 ; Sardin, 2008). 
Pourtant, le maintien des activités sylvicoles dans ces zones Ŷe peƌŵet pas le dĠveloppeŵeŶt d’uŶ 
haďitat de ƋualitĠ pouƌ l’aĐĐueil des oƌgaŶisŵes sapƌoǆǇliƋues. Nous eŶĐouƌageoŶs foƌteŵeŶt les 
gestionnaires forestiers qui souhaiteŶt ŵettƌe eŶ plaĐe des ilots de vieuǆ ďois d’opteƌ pouƌ des ilots 
de sénescence plutôt que des ilots de vieillissement.  
 
III.3) Quelle densité de réserves implanter ? 
Nous avons montré que les relations habitat-espèce pour les coléoptères saproxyliques pouvaient 
être soumises à des effets de seuils importants. Nous avons conscience que des proportions 
avoisinant les 20% de surface forestière en réserve sont utopiques. Cependant, un maximum doit 
être fait pour continuer de générer des habitats favorables aux organismes saproxyliques pour 
assuƌeƌ leuƌ ĐoŶseƌvatioŶ et leuƌ suƌvie. L’ĠvolutioŶ de la suƌfaĐe totale de ƌĠseƌves foƌestiğƌes eŶ 
France est passée de 1.2% en 2000 à 6.7% en 2011 (ONF, 2011) avec 188 réserves de tous genres 
pour le seul territoire métropolitain (ONF Données internes 2011). Nous ne pouvons que saluer cette 
dynamique et inciter à aller toujours plus loin dans cette direction. 
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Partie II : Perspectives d’études sur la fragmentation spatiale des habitats 
des coléoptères saproxyliques 
Nous proposons ici une démarche visant à modéliser précisément les relations existant entre 
fragmentation et connectivité du paysage et espèces de coléoptères saproxyliques. Cette approche 
se passe eŶ deuǆ teŵps. EŶ pƌeŵieƌ lieu, estiŵeƌ le degƌĠ de fƌagŵeŶtatioŶ de l’haďitat au Ŷiveau du 
paysage étudié en fonction des groupes ciblés. En second lieu, se servir de modèles 
métapopulationnels en intégrant des valeurs précises de fragmentation du milieu et de distances de 
dispersion des espèces. Le ďut de l’appƌoĐhe est de pƌoduiƌe des estiŵateuƌs fiŶs peƌŵettaŶt à uŶ 
modèle métapopulationnel de produire des prédictions fiables.  
 
Le degƌĠ de fƌagŵeŶtatioŶ de l’haďitat est gĠŶĠƌaleŵeŶt estiŵĠ à paƌtiƌ de la thĠoƌie des gƌaphes. 
Cette appƌoĐhe ŶĠĐessite daŶs sa foƌŵe la plus ďasiƋue de ĐoŶŶaitƌe le Ŷoŵďƌe d’ĠlĠŵeŶts d’haďitat, 
leur surface et la distance qui les sépare pour estimer la fragmentation du milieu. Cependant, comme 
Ŷous l’avoŶs ŵoŶtƌĠ au Đouƌs de Ŷos tƌavauǆ, tous les ĠlĠŵeŶts du paǇsage Ŷe paƌtiĐipeŶt pas de la 
même manière à la conservation des espèces saproxyliques (Parmain et al., in prep [4]). Certaines 
espğĐes voŶt avoiƌ ďesoiŶ d’uŶ Đouveƌt foƌestieƌ pouƌ suƌvivƌe et se dĠveloppeƌ, aloƌs Ƌue d’autƌes 
vont préférer des conditions ouvertes ou semi-ouvertes (Horak et Rebl, 2013). Les différents 
ĠlĠŵeŶts d’haďitat des espğĐes sapƌoǆǇliƋues Ŷe voŶt pas avoiƌ la même valeur pour les différentes 
espèces du cortège. Il est donc primordial pour une prise en compte de la connectivité effective du 
paǇsage de ĐoŶŶaitƌe pƌĠĐisĠŵeŶt les ĐapaĐitĠs d’aĐĐueil des diffĠƌeŶtes stƌuĐtuƌes Ƌui le ĐoŵposeŶt 
(Dubois et al., 2009a). En fonction des échelles spatiales considérées, ces éléments peuvent être des 
pièces de bois mort, des forêts, des arbres isolés, des bosquets, des aligŶeŵeŶts … possĠdaŶt tous 
uŶe valeuƌ d’aĐĐueil diffĠƌeŶte pour les espèces saproxyliques.  
 
I) L’estimation de la fragmentation d’habitat dépend de la qualité des patches 
d’habitat 
La ŵosaïƋue d’haďitat s’eǆpƌiŵe auǆ ĠĐhelles loĐales et paǇsagğƌes. A l’ĠĐhelle loĐale, l’haďitat des 
organismes saproxyliques va être constitué par le bois mort et les dendromicrohabitats répartis de 
ŵaŶiğƌe ŶoŶ ĐoŶtiŶue daŶs l’espaĐe et le teŵps. A l’ĠĐhelle paǇsagğƌe, les suƌfaĐes ďoisĠes ŶoŶ 
foƌestiğƌes ;paƌĐs, ďosƋuets, aligŶeŵeŶts de ďoƌds de ƌoute …Ϳ voŶt ĐoŶstitueƌ autaŶt d’haďitats 
poteŶtiels pouƌ l’eŶtoŵofauŶe sapƌoǆǇliƋue, Đoŵŵe Ŷous l’avoŶs ŵis eŶ ĠvideŶĐe pouƌ le Đas 
particulier des arbres isolés (Parmain et al. in prep [4]).  
I.1) Différents types de bois mort pour différentes espèces 
Le bois mort et les dendromicrohabitats sont des substrats évolutifs et spatialement structurés, qui 
ĐoŶstitueŶt des taĐhes d’haďitat eŶ tuƌŶoveƌ ĐoŶstaŶt pouƌ des organismes saproxyliques. Ils sont 
ĐoŶstituĠs d’ĠlĠŵeŶts diveƌs, ĐhaĐuŶ ĐoŶtƌiďuaŶt à la ĐoŶseƌvatioŶ d’uŶe paƌtie des espğĐes 
saproxyliques du milieu. La contribution relative de chacun de ces éléments est méconnue. 
L’ĠvaluatioŶ de Đette ĐoŶtƌiďutioŶ iŶdividuelle doit être menée pour estimer efficacement le degré 
de fragmentation locale d’haďitat. Cette ĠvaluatioŶ peut à notre avis être atteinte par une approche 
méta-analytique. La question de recherche associée pourrait être : « Quelles sont les éléments de 
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bois mort les plus favorables à la conservation des espèces de coléoptères saproxyliques ? ». La 
multiplication récente des études qui ont mis en place des protocoles basés sur la mise en caisse 
d’ĠŵeƌgeŶĐe de piğĐes de ďois ŵoƌt de diffĠƌeŶts diaŵğtƌes et degƌĠs de dĠĐoŵpositioŶ variables 
pourrait permettre de répondre à cette question. Une approche similaire pourrait être conduite pour 
les dendromicrohabitats. CepeŶdaŶt, l’iŵpoƌtaŶĐe des deŶdƌoŵiĐƌohaďitats pouƌ la ĐoŶseƌvatioŶ des 
espğĐes sapƌǆǇliƋues soŶt uŶ sujet d’Ġtude ƌĠĐeŶt. Nous supposoŶs Ƌu’il Ŷ’Ǉ a pas encore 
suffisamment de publications disponibles pour mener une méta-analyse sur ce sujet.  
Les résultats obtenus grâce à la méta-analyse pourront être validés par une approche expérimentale. 
Elle consisterait à mettre en place une cartographie à haute résolution spatiale de la ressource bois 
mort et dendromicrohabitat (arbres habitats, sénescents ou morts, bois mort) sur un ou deux massifs 
ateliers. Cette cartographie servira de base à la sélection de paysages de bois mort. Le degré de 
fragmentation spatiale sera estimé par les méthodes issues de la théorie des graphes en affectant 
des scores de qualités d’haďitat diffĠƌeŶtes auǆ ĠlĠŵeŶts ďois ŵoƌt issus de la méta-analyse conduite 
précédemment. Au sein de ces paysages contenant des densités et connectivités variables en types 
de bois mort, les assemblages de coléoptères saproxyliques seront échantillonnés. La relation entre 
deuǆ tǇpes de pƌĠdiĐteuƌs ;diveƌsitĠ eŶ ĠlĠŵeŶts d’haďitat et ĐoŶŶeĐtivitĠ du ŵilieuͿ et de ƌĠpoŶses 
(i.e. diversité et composition des communautés de coléoptères saproxyliques locales) sera analysée 
aveĐ les outils ĐlassiƋues de l’ĠĐologie des communautés. Un biais pourrait être introduit par une 
forte corrélation entre volume de bois mort et fragmentation de l’haďitat. Ce ďiais peut ġtƌe ĠvitĠ eŶ 
ĐoŶsidĠƌaŶt des paiƌes de paǇsage aveĐ la ŵġŵe ƋuaŶtitĠ d’haďitat, ŵais avec des degrés de 
fragmentations variables. Nous supposons cependant que de tels paysages vont être complexes à 
trouver sur le terrain. Il pourrait être nécéssaiƌe d’eŶvisageƌ uŶ pƌogƌaŵŵe de ƌeĐheƌĐhe suƌ le loŶg 
terme prévoyant la mise en place préalable de placettes expérimentales, sur lesquelles la répartition 
spatiale de différents types de bois mort serait contrôlée. Des expérimentations sur des paysages 
ateliers à large échelle sont en cours à travers le monde (Gustaffson et al., 2012). Cependant, pour 
l’Euƌope, uŶ seul projet existe et concerne la rétention de patches forestiers affectés par les 
incendies (projet FIRE, http://wanda.uef.fi/jarikouki/project_fire.htm) en milieu boréal.  
 
I.2) Les ripisylves comme habitats privilégiés pour les coléoptères saproxyliques ? 
Nous avons mis en évidence le rôle particulier joué par les réserves forestières ainsi que les arbres 
solitaiƌes à la ĐoŶseƌvatioŶ des ĐolĠoptğƌes sapƌoǆǇliƋues à l’ĠĐhelle du paǇsage ;Bouget et al., 2014 
[5] ; Parmain et al., in prep [7]). Ces éléments ne sont pourtant pas les seuls à participer à la 
conservation des espèces saproxyliques. Peu d’Ġtudes se soŶt foĐalisĠes suƌ les capacités d’aĐĐueil 
des différents éléments non forestiers de la TTVB pour les ĐolĠoptğƌes sapƌoǆǇliƋues. L’appƌoche par 
méta-analyse ne semble donc pas pertinente pour cette partie. Pour des raisons de temps et de coût, 
l’estiŵatioŶ de la ĐoŶtƌiďutioŶ à la ĐoŶseƌvatioŶ des ĐolĠoptğƌes sapƌoǆǇliƋues de la totalitĠ des 
éléments non forestiers de la TTVB ne peut être meŶĠe, ou doit faiƌe l’oďjet d’uŶ tƌavail dĠdiĠ. 
CepeŶdaŶt, l’Ġtude d’uŶe stƌuĐtuƌe paƌtiĐuliğƌe peut ġtƌe eŶvisagĠe, Đoŵŵe Đela a ĠtĠ le Đas pouƌ 
Ŷous. Nous pƌoposoŶs l’Ġtude des ĠlĠŵeŶts paƌtiĐulieƌs Ƌue soŶt les ƌipisǇlves Đaƌ :  
(i) la genèse de dendromicrohabitats favorables aux organismes saproxyliques y est accélérée 
(Bouget, 2008), ce qui en fait un excellent milieu refuge pour les organismes saproxyliques de haut 
niveau trophique. De plus, ĐeƌtaiŶes espğĐes d’iŶseĐtes sapƌoǆǇliƋues se ƌetƌouveŶt eǆĐlusivement en 
 224 
Discussion générale 
ďoƌduƌe de Đouƌs d’eau ou daŶs les ŵilieuǆ huŵides ;Bouget, 2ϬϬϴͿ. Les bois morts de larges 
diaŵğtƌes Ŷ’Ǉ soŶt pas ƌaƌes ;DegeƌŵaŶ et al, 2004). Dahlström et al, (2005) indiquent que les bois 
flottés peuvent rester peu dégradés pendant de longues pĠƌiodes de teŵps, de l’oƌdƌe de plusieuƌs 
ĐeŶtaiŶes d’aŶŶĠes. Au contraire, Bouget (2008) indique que la dynamique des bois morts y est 
accélérée. La dynamique de décomposition du bois mort en ripisylve est encore mal comprise, mais 
conduit ponctuellement à d’iŵpoƌtaŶts voluŵes aĐĐuŵulĠs (Stockland et al., 2012).  
(ii) le rôle de corridor écologique de grande ampleur joué par les ripisylves (Gillies et StClair, 2008). 
En traversant de vastes étendues de paysage, elles sont de véritables « autoroutes » pour la 
dispersion des espèces. Naiman et al, ;ϭϵϵϯͿ souligŶe Ƌu’eŶ plus d’ġtƌe uŶ eǆĐelleŶt Đoƌƌidoƌ 
écologique, les ripisylves offrent de larges services écosystĠŵiƋues, telle l’aŵĠlioƌatioŶ de la ƋualitĠ 
des eaux.  
Malgré ces caractéristiques clés pour la conservation des assemblages saproxyliques, peu de travaux 
sont menés sur les ripisylves (Dufour et Piégay, 2006). Nous avoŶs effeĐtuĠ uŶe ƌeĐheƌĐhe d’aƌtiĐles 
sĐieŶtifiƋues suƌ Đe sujet eŶ utilisaŶt les ŵots ĐlĠs ͚« riparian forest » aŶd sapƌoǆǇliĐ’ daŶs des 
ŵoteuƌs de ƌeĐheƌĐhe d’aƌtiĐles sĐieŶtifiƋues. Suƌ uŶ total de ϯϵ ƌĠsultats daŶs le ŵoteuƌ de 
recherche ScienceDirect (http://www.sciencedirect.com/), aucun article ne concernait la relation 
existant entre ripisylves et organismes saproxyliques. Sur le moteur de recherches SpringerLink 
(http://link.springer.com/), 17 résultats ont été détectés et parmi eux, un seul concernait le lien 
direct entre ripisylve et coléoptères saproxyliques (Della Roca et al., 2014).  
Nous eŶvisageoŶs l’Ġtude de ƌipisǇlves ayant une large emprise riveraine, telles les ripisylves de 
l’Auďe. Les dispositifs d’ĠĐhaŶtillonnage de la faune saproxylique seront installés à des distances 
croissantes du bord de la rive. Cette disposition va permettre de balayer un large gradient de 
conditions stationnelles disponible au sein des ripisylves, en passant des zones couramment 
inondées aux zones rarement submergées. Cette disposition particulière du dispositif 
d’ĠĐhaŶtilloŶŶage va peƌŵettƌe d’avoiƌ uŶe vue d’eŶseŵďle des ĐapaĐitĠs d’aĐĐueil des ƌipisǇlves et 
pas uŶiƋueŵeŶt des paƌties pƌoĐhes du ďoƌd des Đouƌs d’eau. Cette première approche sur les 
ƌipisǇlves de l’Auďe devƌa ġtƌe ĠteŶdue paƌ la suite à d’autƌes ĐoŶteǆtes gĠogƌaphiƋues, ŵais 
également de conformation de ripisylves. Des zones avec une faible épaisseur de végétation devront 
être comparées avec des zones voisines à forte Ġpaisseuƌ ;possiďilitĠ iŵpaĐt de l’aŵďiaŶĐe foƌestiğƌe, 
huŵiditĠ, teŵpĠƌatuƌe, eŶsoleilleŵeŶt…Ϳ. La diffiĐultĠ de tƌouveƌ Đes zoŶes va veŶiƌ de la 
canalisation des fleuves et rivières en France (exemple, le Rhin), qui laissent peu de place aux 
ƌipisǇlves. Les ƌipisǇlves de ďoƌd de Loiƌe ou d’Allieƌ soŶt aiŶsi des seĐteuƌs d’Ġtudes à pƌivilĠgieƌ, Đaƌ 
encore globalement conservés, et gĠogƌaphiƋueŵeŶt pƌoĐhes du ĐeŶtƌe d’Ġtudes I‘STEA de NogeŶt 
sur Vernisson. Les parties plantées, cultivées et fréquemment exploitées des ripisylves telles les 
peupleraies devraient être évitées au cours des échantillonnages, car non représentatives de 
l’ĠlĠŵeŶt ͚ƌipisǇlve’.  
 
I.͹) Ancienneté de l’habitat 
La ĐapaĐitĠ d’aĐĐueil des ĠlĠŵeŶts aƌďoƌĠs de la TTVB va ĠgaleŵeŶt dĠpeŶdƌe de l’aŶĐieŶŶetĠ du 
ŵilieu. SiitoŶeŶ et Saaƌisto ;2ϬϬϬͿ oŶt ŵoŶtƌĠ Ƌu’uŶe espğĐe de ĐolĠoptğƌe sapƌoǆǇliƋue Pytho 
kolwensis ne se développait que dans les placettes où la continuité forestière était assurée depuis 
plus de 150ans. Ces zones sont particulièrement rares en Europe. Après la dernière glaciation en 
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Europe, 80% de sa surface était recouverte de forêt (Gilg, 2004Ϳ. Ces suƌfaĐes ƌeliƋues, Ƌue l’oŶ peut 
appeler des forêts anciennes, sont actuellement estimées à moins de 1% de la surface totale des 
forêts en Europe (Gilg, 2004Ϳ. L’ideŶtifiĐatioŶ des foƌġts aŶĐieŶŶes eŶ FƌaŶĐe est diffiĐile. BieŶ 
souvent les archives concernant la gestion des forêts ne remontent pas au-delà des cartes de Cassini 
(XVIIè au XIXè). Cependant, les forêts présentes sur ces cartes ont pu connaitre des déboisements 
totauǆ puis ġtƌe ƌeplaŶtĠes ou ƌĠgĠŶĠƌĠes. Il faut pouƌ Đela les ĐoŶfƌoŶteƌ aveĐ les Đaƌtes d’Ġtat-
major (XIXè siècle), plus précises (voir Dupouey et al., 2007). Ainsi, pour des raisons principalement 
pƌatiƋues, seƌoŶt ĐoŶsidĠƌĠes Đoŵŵe foƌġt aŶĐieŶŶe les foƌġts pƌĠseŶtes suƌ l’eŶseŵďle de Đes 
cartes et existant encore de nos jours. Par opposition, une forêt ne répondant pas à cette définition 
sera considérée comme récente.  
L’Ġtude de Đette pƌoďlĠŵatiƋue avait ĠtĠ eŶvisagĠe loƌs de la ĐƌĠatioŶ de Đette thğse ;AŶŶeǆe 3). 
Pour des raisons de temps et de faisabilité, Đe tƌavail Ŷ’a pu ġtƌe ŵeŶĠ à ďieŶ. Il fait l’oďjet d’uŶ 
travail de recherche connexe mené par Philippe Janssen à IRSTEA Grenoble. Les projets Distrafor et 
FoƌgeĐo soŶt ĠgaleŵeŶt eŶ lieŶ aveĐ les pƌoďlĠŵatiƋues d’aŶĐieŶŶetĠ foƌestiğƌe et de leuƌ iŶflueŶĐe 
suƌ les asseŵďlages d’espğĐes aĐtuels. Les pƌeŵieƌs ƌĠsultats viennent confirmer l’iŵpoƌtaŶĐe 
dĠteƌŵiŶaŶte de l’aŶĐieŶŶetĠ de l’Ġtat ďoisĠ d’uŶe foƌġt sur la structuration des assemblages de 
coléoptères saproxyliques (Bouget et al., in press).  
 
I.4) Synthèse 
La ƋualitĠ d’haďitat peut ġtƌe ŵesuƌĠe de Ŷoŵďƌeuses façoŶs, et à plusieurs échelles spatiales. Dans 
le cadre de la poursuite des travaux de thèse que nous avons menés, il nous apparait opportun 
d’Ġtudieƌ pƌioƌitaiƌeŵeŶt la ĐapaĐitĠ d’aĐĐueil des ripisylves pour les coléoptères saproxyliques. Une 
meilleure compréhension de leur rôle de refuge potentiel et de corridor écologique est une voie 
possible pour aboƌdeƌ les pƌoďlĠŵatiƋues de ĐoŶŶeĐtivitĠ à l’ĠĐhelle du paǇsage des diffĠƌeŶts 
éléments de la TTVB.  
 
 
II) L’effet de la fragmentation sur les espèces dépend de leurs capacités de 
dispersion 
L’haďitat fƌagŵeŶtĠ Ƌue ĐoŵposeŶt le ďois ŵoƌt eŶ foƌġt ŵais ĠgaleŵeŶt les diffĠƌeŶts ĠlĠŵeŶts de 
la TTVB dans le paysage suggèrent un fonctionnement en métapopulation de espèces saproxyliques 
(Schroeder et al., 2007). Ce type de fonctionnement ne semble cependant pas être applicable à la 
totalité des espèces saproxyliques (Driscoll et al., 2010). Des ŵodğles pƌĠdiĐtifs de l’ĠvolutioŶ de Đes 
métapopulations dans le paysage ont été développés (Hanski, 1994). A partir du degré de 
fƌagŵeŶtatioŶ d’haďitat dans le paysage, des capacités de dispersion connues ou estimées des 
espèces cibles, et de leur taux de ĐoloŶisatioŶ et suƌvie, l’ĠvolutioŶ de la viaďilitĠ des 
métapopulations au cours du temps peut être simulée. Ces simulations sont actuellement utilisées 
Đoŵŵe outil d’aide à la ĐoŶseƌvatioŶ de plusieuƌs espğĐes de ĐolĠoptğƌes sapƌoǆǇliƋues ;Oleksa et 
al., 2ϬϭϯͿ. Ils se doiveŶt d’ġtƌe paƌtiĐuliğƌeŵeŶt pƌĠĐis ƋuaŶt auǆ pƌĠdiĐtioŶs Ƌu’ils voŶt Ġŵettƌe, 
toute erreur pouvant mener à des mesures de gestion Ŷe peƌŵettaŶt pas la suƌvie de l’espğĐe Điďle 
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dans le temps. Cette qualité de prédiction va reposer sur la qualité des données de base intégrées 
dans le modèle.  
La ĐapaĐitĠ de dispeƌsioŶ des espğĐes sapƌoǆǇliƋues est ŵal ĐoŶŶue, et Ŷ’est vagueŵeŶt dispoŶiďle 
que pour quelques espèces (Ranius, 2006). De plus, les phénomènes de dispersion au seiŶ d’uŶe 
même espèce peuvent être sexe-dépendants (Watson, 2003, Dubois et al., 2009b, Bouget et al., in 
press). CeĐi pose le pƌoďlğŵe de la ĐoloŶisatioŶ de Ŷouveauǆ patĐhes d’haďitat daŶs uŶ 
environnement fortement fragmenté (Davy-Bowker, 2002 ; Gyllenstrand et Seppa, 2003). Il est 
ŶĠĐessaiƌe d’aĐƋuĠƌiƌ des ĐoŶŶaissaŶĐes plus dĠtaillées sur les capacités de dispersion des espèces 
pouƌ peƌŵettƌe des ŵodĠlisatioŶs fiŶes d’ĠvolutioŶ des ŵĠtapopulatioŶs daŶs le paǇsage.  
 
Nous allons présenter différentes méthodes disponibles pour mesurer les capacités de dispersion des 
espèces. Il est ĠvideŶt Ƌue la ŵise eŶ plaĐe de la totalitĠ des ŵĠthodes au seiŶ d’uŶ seul tƌavail Ŷe 
pourra être menée.  
II.1) Méthodes directes de mesure des capacités de vol 
II.1.1) Suivis de dispersion individuels in natura 
La technique de capture marquage-recapture (CMR) a été principalement utilisée pour estimer des 
tailles de populations (Chiari et al., 2Ϭϭ2Ϳ. Cette appƌoĐhe peƌŵet ĠgaleŵeŶt d’estiŵeƌ les distaŶĐes 
de dispeƌsioŶ d’oƌgaŶisŵes paƌtiĐulieƌs, à des fiŶs ĐoŶseƌvatoires (Drag et al., 2011 ; Svensson et al, 
2011) ou de protection vis-à-vis de ravageurs (Bancroft et Smith, 2005). Des études de CMR ont été 
menées en Espagne sur deux espèces de coléoptères saproxyliques particulièrement faciles à 
observer, Cerambyx welensi et Prinobius myardi (Lopez-Pantoja et al., 2011). Des distances de 
dispersion maximales ont ainsi pu être observées pour ces deux espèces. Le ŵaƌƋuage d’espğĐes de 
cette taille ne pose pas de problèmes particuliers. Des pastilles numérotées peuvent être appliquées 
sur les élytres, ou les élytres peuvent être perforés pour créer un marquage propre à chaque individu 
(Unruh et Chauvin, 1993). Ces individus ne peuvent être directement capturés sur le terrain sans 
iŶtƌoduiƌe le ďiais de l’âge de l’iŶseĐte, des ƌessouƌĐes Ƌu’il a ĐoŶsoŵŵĠes et du teŵps Ƌu’il lui reste 
à vivƌe et doŶĐ, la distaŶĐe poteŶtielle Ƌu’il peut paƌĐouƌiƌ. Pouƌ Đela, Ŷous pƌivilĠgioŶs la piste de 
l’Ġlevage. Certaines espèces de coléoptères saproxyliques sont couramment et facilement élevées 
(http://www.insectes.org/opie/elevages-insectes.html) et peuvent être obtenues en grand nombre 
assez rapidement (quelques mois). Le facteur de pollution génétique des populations locales induit 
paƌ l’iŶtƌoduĐtioŶ de souĐhes issues d’Ġlevage peut ġtƌe ĠvitĠ si Đes souĐhes soŶt pƌĠlevĠes au seiŶ 
des paǇsages d’Ġtude.  
Les espğĐes Điďles pouƌ l’eǆpĠƌiŵeŶtation de CMR devront avoir des caractéristiques supposées de 
dispeƌsioŶ ĐoŶtƌastĠes, et des ŵodalitĠs d’Ġlevage ŵaitƌisĠes, siŵples à ŵettƌe eŶ œuvƌe. De ďoŶs 
voiliers pouvant parcourir de grandes distances (Cetonia aurata ?) des voiliers médiocres mais 
pouvant largement disperser (Dorcus parallelepipedus ?) des mauvais voiliers dispersant peu 
(Ceruchus chrysomelinus ?). Une réflexion reste à conduire quant au choix des espèces à considérer.  
DaŶs le Đadƌe d’uŶe eǆpĠƌiŵeŶtatioŶ foƌestiğƌe, la ƌeĐaptuƌe ŵaŶuelle des espèces ne nous semble 
pas envisageable, la suƌfaĐe à paƌĐouƌiƌ paƌ l’eǆpĠƌiŵeŶtateuƌ ĠtaŶt tƌop gƌaŶde. Selon nous, 
l’utilisatioŶ de piğges spĠĐifiƋues auǆ espğĐes Điďles est iŶdispeŶsaďle pouƌ ŵeŶeƌ à ďieŶ Đe geŶƌe 
d’Ġtudes. L’utilisatioŶ de piğges tels les pièges à interception contacteraient un trop grand nombre 
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d’espğĐes assoĐiĠes, constituant une destruction non-nécessaire de Ŷoŵďƌeuǆ iŶdividus d’espğĐes 
non ciblées. Une alternative consisterait alors à utiliser des pièges non létaux pour les individus, mais 
iŵpliƋue uŶe gƌaŶde dispoŶiďilitĠ de l’eǆpĠƌiŵeŶtateuƌ pouƌ ƌeleveƌ fréquemment les pièges.  
Des zoŶes de ƌeĐaptuƌe où les espğĐes seƌoŶt attiƌĠes de ŵaŶiğƌe aĐtive à l’aide de phĠƌoŵoŶes ou 
d’uŶ suďstƌat paƌtiĐulieƌ soŶt à eŶvisageƌ ;SveŶssoŶ et al., 2011). Ces manipulations impliquent 
d’avoiƌ aĐĐğs à uŶ gƌaŶd Ŷoŵďƌe d’iŶdividus iŶitiauǆ, Đaƌ les tauǆ de ƌeĐaptuƌe ŵġŵe eŶ utilisaŶt des 
phéromones sont faibles (Zolubas et Byers, 1995).  
 
II.1.2) Colonisation de substrats pièges 
Un substrat piège correspond par exemple à une fructification de Fomitopsis pour Bolitophagus 
reticulatus ou Neomida haemorrroidalis (Coleoptera, Tenebrionidae). Cette méthode permet 
d’estiŵeƌ les ĐapaĐitĠs de dispeƌsioŶ des espğĐes eŶ tenant compte des conditions 
environnementales (Ranius et al., 2011). En prenant en compte les propriétés du milieu et les 
ĐaƌaĐtĠƌistiƋues paǇsagğƌes de la zoŶe d’Ġtude, il est possiďle de mettre en évidence des 
phénomènes de dispersion sélectives en direction par exemple de zones refuges telles les réserves, 
ou au ĐoŶtƌaiƌe des ŵouveŵeŶts d’ĠŵigƌatioŶ depuis de telles stƌuĐtuƌes ;effet de débordement, 
voir expérimentation de Jonsson et Norlander, (2006)). Les distances de dispersion alors observées 
seraient pas uniquement dĠpeŶdaŶtes des ĐapaĐitĠs pƌopƌes de l’iŶseĐte, ŵais ƌeliĠes à la 
stƌuĐtuƌatioŶ de l’eŶviƌoŶŶeŵeŶt. Ces doŶŶĠes peƌŵettƌaieŶt de Ŷe pas suƌestiŵeƌ les ĐapaĐitĠs de 
dispersion effectives des espèces considérées obtenues paƌ eǆeŵple à l’aide de ŵaŶğges de vol. Des 
substrats pièges plus complexes peuvent être mis en place, telles des cavités artificielles (Hilszczanski 
et al, 2014 ; Jansson et al., 2009).  
DaŶs le Đadƌe d’ĠvaluatioŶ de distaŶĐes de dispeƌsioŶ d’espğĐes paƌtiĐuliğƌes, l’utilisatioŶ de 
phéromones peut être couplée au piège substrat (Svensson et Larsson, 2008). Elles permettent de 
stimuler le comportement dispersif des espèces par rapport aux substrats pièges simples, mais sont 
alors susceptibles de fournir des données de dispersion contraintes, ne traduisant pas forcément les 
dispeƌsioŶs Ƌui s’effeĐtueŶt de ŵaŶiğƌe ƌĠelle.  
 
II.1.3) Capacités de vol des espèces en laboratoire 
Le manège de vol est un moyen efficace de connaitre les capacités physiologiques de vol des espèces 
étudiées. Ils peuveŶt s’adapteƌ à des iŶseĐtes de toutes tailles. Des manèges de vol ont par exemple 
été mis en place avec succès pour Osmoderma eremita (Dubois et al., 2009b), Monochamus 
galloprovincialis (David et al., 2013), Bolitophagus reticulatus, Neomida haemorroidalis (Jonsson, 
2003) et Ips sexdentatus (Jactel et Gaillard, 1991). Les avantages principaux de cette méthode sont la 
ƌelative faĐilitĠ de ŵise eŶ œuvƌe, le ĐoŶtƌôle assoĐiĠ auǆ iŶdividus ;seǆe, poids, taille, âge …Ϳ, et le 
faible coût de la manipulation.  
 
II.2) Un indicateur de la capacité de vol : la charge alaire 
Cet indice se ďase suƌ le poids d’uŶ iŶdividu ŵis eŶ ƌelatioŶ aveĐ la suƌfaĐe d’uŶe de Đes ailes (Gibb et 
al., 2006). Le rapport entre les deux fournit un coefficient dit de charge alaire. Ce coefficient 
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ƌepƌĠseŶte la pƌessioŶ des ailes eǆeƌĐĠe suƌ l’aiƌ pouƌ souteŶiƌ le poids du Đoƌps. Plus Đe ĐoeffiĐieŶt 
sera faible, plus la ĐapaĐitĠ de dispeƌsioŶ poteŶtielle de l’iŶseĐte sera élevée.  
Cette ŵĠthode à l’avaŶtage de pouvoiƌ ġtƌe ŵise eŶ œuvƌe aveĐ des ĠĐhaŶtilloŶs d’iŶseĐtes issus de 
piégeage. Ainsi, les charges alaires des espèces du milieu pourront être mesurées et mises en 
relation avec de variables environnementales locales (Bouget et al., in pressͿ. EŶ ƌevaŶĐhe, il Ŷ’est 
pas possiďle d’estiŵeƌ la distaŶĐe effeĐtive de dispeƌsioŶ d’uŶe espğĐe paƌ Đette ŵĠthode. De plus, 
Bouget et al, (in press) ont montré que la charge alaire pouvait varier au sein des espèces. Les 
individus se retrouvant dans les patches de forêts récentes avaient une charge alaire plus faible que 
ceux retrouvés dans les patches de forêts anciennes proches. Ce résultat milite en faveur de 
l’utilisatioŶ de la Đhaƌge alaiƌe Đoŵŵe iŶdiĐateuƌ des ĐapaĐitĠs de dispeƌsioŶ des espğĐes, Đaƌ 
suffisament sensible pour détecter des différences populationelles.  
Au ĐoŶtƌaiƌe des ŵĠthodes diƌeĐtes, l’appƌoĐhe paƌ la mesure de la charge alaire ne permet pas 
d’oďteŶiƌ uŶe distaŶĐe de dispeƌsioŶ ŵĠtƌiƋue, ŵais seuleŵeŶt uŶ Đoŵpaƌatif possiďle de ĐapaĐitĠs 
de dispersions relatives entƌe plusieuƌs iŶdividus, espğĐes, populatioŶs … La validation de la 
pertinence de la mesure de charge alaire pour les coléoptères saproxyliques doit être menée. La mise 
en relation de la Đhaƌge alaiƌe d’iŶdividus doŶt les ĐapaĐitĠs de dispeƌsioŶ oŶt ĠtĠ pƌéalablement 
ŵesuƌĠes à l’aide de ŵouliŶs de vol pourrait être une piste de recherche.  
La ŵesuƌe de la suƌfaĐe alaiƌe s’eǆpose à des ĐoŶtƌaiŶtes pƌatiƋues Ƌue soŶt la fƌagilitĠ de la piğĐe 
anatomique en question, et sa possible variation inter individus. L’utilisatioŶ de paƌaŵğtƌes ŵoiŶs 
dĠliĐats à ŵesuƌeƌ ;loŶgueuƌ d’ĠlǇtƌeͿ est aĐtuelleŵeŶt à l’Ġtude.  
 
II.3) Synthèse 
Les capacités de dispersion des coléoptères saproxyliques peuvent être estimées de plusieurs façons. 
Nous pensons que le développement de la mesure de charge alaire des espèces est une piste 
prometteuse. Elle est ƌelativeŵeŶt ƌapide à ŵettƌe eŶ œuvƌe et peut ġtƌe appliƋuĠe à des 
échantillons de projets antérieurs en lien avec la fragŵeŶtatioŶ ou l’aŶĐieŶŶetĠ du site. Si cette 
ŵĠthode s’avğƌe ƌepƌĠseŶtative des ĐapaĐitĠs de dispeƌsioŶ des espğĐes, il seƌa aloƌs plus rapide et 
ŵoiŶs ĐoŶtƌaigŶaŶt d’estiŵeƌ les ĐapaĐitĠs de dispeƌsioŶ des espğĐes de ĐolĠoptğƌes sapƌoǆǇliƋues 
que par des méthodes de mesures sur individus vivants ou nécéssitant de lourdes expérimentations 
de terrain.  
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Annexe 1: Travaux personnels sur les insectes saproxyliques. 
 
Mes contributions à la connaissance de la biologie, taxinomie et répartition des espèces 
saproxyliques sont exposées ci-après. Elles consistent majoritairement en des publications 
naturalistes dans des revues soumises à un comité de lecture.  
Publiées : 
* PARMAIN, G. et SOLDATI, F. (2011). Taxonomie, écologie et répartition en France de Melanopsacus 
grenieri (Brisout de Barneville, 1867) (Coleoptera, Antrhibidae, Choraginae). R.A.R.E. XX (2). 
* Parmain, G. ., Heiss, E., Brustel, H. (2012). New and additional faunal records of Aradidae from 
France, Spain and Morocco (Hemiptera, Heteroptera). Nouvelle Revue d'Entomologie, 28 (3/4), 243-
256. 
* Yves GOMY, Guilhem PARMAIN & Philippe MILLARAKIS (2012) Teretrius (Neotepetrius) parasita 
Marseul, 1862 (Coleoptera, Histeridae) : Espèce nouvelle pour la France continentale. 
L’EŶtoŵologiste 68 : 197-198.  
* Fabien SOLDATI & Guilhem PARMAIN (2013) Découverte en France du mâle de Megischina rosinae  
(Seidlitz, 1896) et précisions sur l'écologie et la distribution de l'espèce dans les Pyrénées Orientales 
(Coleoptera, Tenebrionidea, Alleculinae). R.A.R.E XXII : 12-16.  
* Christian COCQUEMPOT, Fabien SOLDATI et Guilhem PARMAIN Xylotrechus stebbingi (Gahan, 
1906) nouveau pour le département de l'Aude (Coleoptera, Cerambycidae). Rutilans.  
 
Soumises : 
Par Julien DELNATTE, Guilhem PARMAIN & fabien SOLDATI (submitted) Nouvelles localités pour 
Isidus moreli Mulsant & Rey, 1874 (Coleoptera, Elateridae, Elaterinae) sur le littoral français. Société 
Entomologique de France.  
 
En préparation : 
Parmain et al. (in prep) Phloiophilus edwarsii Stephens, 1830 (Coleoptera, Phloiophilidae) nouveau 
pour les départements de la Charente, de l'Yonne du Loiret et de la Haute-Vienne.  
Parmain et al (in prep) Distribution de Pityophagus quercus Reitter, 1877 (Coleoptera, Nitidulidae) en 
Europe et espèces de coléoptères saproxyliques remarquables associées.  
Fleury, Parmain et al (in prep) Encore de nouvelles espèces détectées au domaine des Barres ! 
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Annexe 2 : Pression d’échantillonnage et espèces patrimoniales en 
forêt de Tronçais 
Les doŶŶĠes Ƌui oŶt peƌŵis Đette eǆploƌatioŶ dateŶt de 2ϬϭϬ et ŵĠƌiteƌaieŶt d’ġtƌe ƌĠĠvaluĠes. Elles 
soŶt issues d’uŶe ĐaŵpagŶe de piĠgeage suƌ trois ans avec trois paires de pièges polytrap amorcés 
aveĐ de l’ĠthaŶol. La duƌĠe d’ĠĐhaŶtilloŶŶage et le Ŷoŵďƌe ŵoǇeŶ de Đaptuƌes est ideŶtiƋue pouƌ les 
combinaisons 2 placettes x 1 an vs 1 placette x 2 ans et 3 placettes sur 2 ans vs 2 placettes sur 3 ans. 
 
1 placette 2 placettes 3 placettes 
Tronçai
s 
Nombre moyen 
d'espèces bio-
indicatrices 
contactées 
Ecar
t 
type 
Nombre moyen 
d'espèces bio 
indicatrices contactées 
Ecar
t 
type 
Nombre moyen 
d'espèces bio 
indicatrices contactées 
Ecar
t 
type 
1 an 11,44 3,5 18,77 3,6 24,33 4 
2 ans 19,22 4,8 29,11 4,5 36 4 
3 ans 24,66 6 36 4,3 43 NA 
Nombre moyen d'espèces de coléoptères bio indicateurs contactés, en fonction du nombre de 
placettes et d'années d'échantillonnage. 
OŶ ĐoŶstate Ƌue l’ajout d’uŶe aŶŶĠe d’ĠĐhaŶtilloŶŶage ou uŶe paiƌe de piğge oŶt le ŵġŵe effet eŶ 
teƌŵes de Ŷoŵďƌe d’espğĐes. Pour 3 placettes utilisées, les proportions passent de 33% pour une 
aŶŶĠe d’ĠĐhaŶtilloŶŶage à ϱϴ% pouƌ tƌois aŶŶĠes d’ĠĐhaŶtilloŶŶage. L’utilisatioŶ de deuǆ sites 
pendant 3 ans permet de contacter près de 50% des coléoptères bio-indicateurs ĐoŶŶus à l’ĠpoƋue.  
 
 
 
 
 
 
EvolutioŶ suƌ le site de TƌoŶçais de la pƌopoƌtioŶ ŵoǇeŶŶe du Ŷoŵďƌe d’espğĐes ďio-indicatrices 
capturées par rapport au Ŷoŵďƌe total d’espğĐes ďio-indicatrices connues, en fonction du nombre de 
plaĐettes utilisĠes et du Ŷoŵďƌe d’aŶŶĠes d’ĠĐhaŶtilloŶŶages. 
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Annexe 3 : Projet de thèse initial 
 
Sujet de thèse 2011-2014 
 
« Trame de très vieux bois et biodiversité des coléoptères 
saproxyliques » 
 
Présenté par Guillem Parmain 
Sous la direction de Christophe Bouget 
 
1. Contexte et enjeux 
Le suivi et la protection des milieux forestiers en utilisant des indicateurs liés aux organismes 
sapƌoǆǇliƋues ;dĠpeŶdaŶt du ďois ŵoƌt [Speight ϭϵϴϵ]Ϳ est uŶe pƌioƌitĠ pouƌ l’Euƌope depuis ϭϵϴϴ 
(Comité des Ministres 1988a, 1988b). Cette question est encore aĐtuelleŵeŶt au Đœuƌ des dĠďats 
visant à intégrer les enjeux de biodiversité dans les politiques publiques, notamment dans 
l’aŵĠŶageŵeŶt du teƌƌitoiƌe.  
 
1.1. Les IVB, instruments de gestion forestière en faveur de la biodiversité 
Plusieurs mesures de gestion sont actuellement disponibles pour favoriser la conservation des 
cortèges saproxyliques forestiers (ONF 2005, 2009a, 2009b, 2009c ; Mouray et Touroult 2010). Parmi 
ces mesures, les îlots de vieux bois sont une mesure phare en France (ONF 2005, 2009b ; Rouveyrol 
2009 ; Témoin 2009 ; Tositti 2004), mais aussi en Suisse (Lachat et Bütler 2007), et au Canada (Déry 
et Leblanc 2005). Il est à noter que des structures équivalentes existent dans les pays scandinaves 
(Timonen et al., 2010) et en Amérique (Tittler et al., 2001).  
Le terme « Îlots de vieux bois » regroupe deux notions en France : les îlots de vieillissement et les 
îlots de sénescence: 
 
v 
 
Un îlot de vieillissement se définit comme un « petit peuplement ayant dépassé les critères optimaux 
d'exploitabilitĠ ĠĐoŶoŵiƋue et Ƌui ďĠŶĠfiĐie d'uŶ ĐǇĐle sǇlviĐole pƌoloŶgĠ pouvaŶt alleƌ jusƋu’au 
double de ceux-ci. L'îlot de vieillissement peut faire l'objet d'interventions sylvicoles, les arbres du 
peuplement principal conservant leur fonction de production. Ces derniers sont récoltés à leur 
maturité et, en tout état de cause, avant dépréciation économique de la bille de pied. L'îlot de 
vieillissement bénéficie en outre d'une application exemplaire des mesures en faveur de la biodiversité 
(bois mort au sol, arbres ŵoƌts, aƌďƌes à ĐavitĠͿ. […]. Le ƌeĐƌuteŵeŶt d'îlots de vieillisseŵeŶt est 
eǆaŵiŶĠ loƌs de l’ĠlaďoƌatioŶ de l’aŵĠŶageŵeŶt paƌŵi les uŶitĠs de gestioŶ Ƌui pouƌƌaieŶt faiƌe 
partie du groupe de régénération et leur maintien est examiné à chaque révision d'aménagement 
forestier » (ONF 2009b). 
 
L’îlot de sĠŶesĐeŶĐe se dĠfiŶit Đoŵŵe uŶ « petit peuplement laissé en évolution libre sans 
intervention culturale et conservé jusqu'à son terme physique, c'est-à-dire jusqu'à l'effondrement des 
arbres. Les îlots de sénescence sont composés d'arbres de faible valeur économique et qui présentent 
uŶe valeuƌ ďiologiƋue paƌtiĐuliğƌe ;gƌos ďois à ĐavitĠ, vieuǆ ďois sĠŶesĐeŶts…Ϳ. Les îlots de sĠŶesĐeŶĐe 
sont donc préférentiellement recrutés dans des peuplements de qualité technologique moyenne à 
ŵĠdioĐƌe, des peupleŵeŶts peu aĐĐessiďles, des sĠƌies ďoisĠes d'iŶtĠƌġt ĠĐologiƋue… Pouƌ des ƌaisoŶs 
de sécurité et de responsabilité, ils sont choisis hors des lieux fréquentés par le public. » (ONF 2009b).  
En fonction de leur surface et de leur capacité à générer du bois mort, les îlots de sénescence 
peuveŶt ġtƌe peƌŵaŶeŶts ou itiŶĠƌaŶts ;LaĐhat et Bütleƌ 2ϬϬϳͿ. La taille ŵoǇeŶŶe d’uŶ îlot de vieuǆ 
ďois est aĐtuelleŵeŶt d’eŶviƌoŶ ϭha ;Tositti 2ϬϬϱͿ, suƌfaĐe assuƌaŶt la pƌĠseŶĐe de ďois mort au 
cours du temps (Lachat et Bütler 2007).  
D'un point de vue biologique, les îlots de sénescence sont préférables aux îlots de vieillissement 
(Lachat et Bütler 2007). Le cycle de vie complet des sujets âgés du peuplement est mené à terme. Les 
populations d'organismes saproxyliques de haut niveau trophique peuvent accomplir de nombreux 
cycles vitaux complets. Dans les îlots de vieillissement, les populations d'organismes saproxyliques de 
moyen et haut niveau trophique qui s'installent sont fortement défavorisées voire détruites par 
l'exploitation de ces îlots.  
 
Les tauǆ d’îlots de vieuǆ ďois ƌeĐoŵŵaŶdĠs paƌ l’ONF eŶ foƌġt puďliƋue soŶt vaƌiaďles eŶ foŶĐtioŶ de 
la surface de la forêt ainsi que de la présence ou non de RB. Les différents objectifs son récapitulés 
dans le tableau 1.  
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 Surface forestière Cas particuliers 
 
moins de 
300ha 
300ha plus de 300 ha 
Zones à forts 
enjeux de 
préservation 
Zones de 
montagne 
Ilot de vieillissement Pas de 
seuil 
minimal 
1% 
2% Entre 2% et 5% 
De 2% à 5% ou 
plus 
Ilot de sénescence 1% Entre 1% et 3% 
De 1% à 3% ou 
plus 
Nombre 
d'aménagements pour 
arriver à l'objectif 
Pas de 
durée 
définie 
3 (entre 30 et 60 ans) 3 ou moins (60 ans au plus) 
Tableau 1 : ƌĠĐapitulatif des suƌfaĐes et duƌĠes de ŵises eŶ plaĐe d’ilot de vieuǆ bois en forêts 
publiques (ONF 2009a). 
EŶ foƌġt pƌivĠe, auĐuŶe ƌestƌiĐtioŶ Ŷ’est iŵposĠe. La ĐoŶseƌvatioŶ d’aƌďƌes-habitat ou la mise en 
plaĐe d’îlots de vieuǆ ďois soŶt laissĠs à la liďƌe appƌĠĐiatioŶ du pƌopƌiĠtaiƌe. Pouƌ eŶĐouƌageƌ la 
ĐƌĠatioŶ d’ilots de vieux bois en forêt privée, des indemnisations sont proposées aux propriétaires 
daŶs des Đas paƌtiĐulieƌs. AiŶsi, le pƌopƌiĠtaiƌe d’uŶe zoŶe foƌestiğƌe iŶĐlue daŶs uŶ site Natuƌa2ϬϬϬ 
peut deŵaŶdeƌ à ġtƌe iŶdeŵŶisĠ pouƌ la ŵise eŶ plaĐe d’ilots de vieuǆ ďois sur sa propriété (ONF 
2005). Des mesures compensatoires similaires sont également mises en place en Suisse (Lachat et 
Bütler 2007).  
 
L’aƌďƌe-habitat est un élément qui vient renfoncer le réseau créé par les îlots de vieux bois au sein de 
la forêt. Il s’agit gĠŶĠƌaleŵeŶt d’uŶ aƌďƌe vivaŶt poƌteuƌ de stƌuĐtuƌes favoƌaďles à la ďiodiveƌsitĠ 
;ĐavitĠs hautes, polǇpoƌes, ĠĐoƌĐes dĠhisĐeŶtes…Ϳ. Il peut ĠgaleŵeŶt se pƌĠseŶteƌ sous la foƌŵe d’uŶ 
vieil aƌďƌe ou d’uŶ tƌğs gƌos aƌďƌe de l’esseŶĐe oďjeĐtif ou des esseŶĐes d’aĐĐoŵpagŶeŵeŶt ;ONF 
2ϬϬϵaͿ. UŶ Đas paƌtiĐulieƌ de l’aƌďƌe-haďitat est l’aƌďƌe ŵoƌt. CeƌtaiŶs auteuƌs ĐoŶsidğƌeŶt Đet aƌďƌe 
Đoŵŵe du ďois ŵoƌt suƌ pied et Ŷe l’iŶtğgƌeŶt pas eŶ taŶt Ƌu’aƌďƌe-habitat (Lachat et Bütler 2007). 
AĐtuelleŵeŶt, l’ONF pƌĠĐoŶise le ŵaiŶtieŶ d’uŶe ŵoǇeŶŶe ŵiŶiŵale de ϯ aƌďƌes-habitat par hectare 
(ONF 2009a). Lachat et Bütler (2007) estiment pour leur part entre 8 et 12 le nombre minimal 
d’aƌďƌes-habitat à conserver par hectare dans les forêts Suisses.  
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Les IVB et l’aƌďƌe-habitat forment un réseau intra forestier avec les réserves forestières. On 
dénombre actuellement 205 Réserves Biologiques (RB) de tous types (RBI, RBD, RBM, RBF) en France 
dont 188 pour le seul territoire métropolitain (ONF Données internes). Elles constituent le maillon 
pƌiŶĐipal de la TTVB. La ĐoŶtiŶuitĠ teŵpoƌelle de ďois ŵoƌt et la diveƌsitĠ de l’eŶseŵďle des phases 
de la sǇlvigeŶğse Ǉ est assuƌĠe, du ŵoŵeŶt Ƌue leuƌ taille atteiŶt au ŵoiŶs la ĐeŶtaiŶe d’heĐtaƌes 
(Lachat et Bütler 2007). Leur grande surface et leur stabilité temporelle comparée à celle des îlots de 
vieux bois leur confèrent un rôle de refuge important pour la biodiversité forestière (Löhmus et 
Löhmus 2010 ; Laita et al., 2010). 
 
1.2. La Trame de très vieux bois (TTVB) 
La fragmentation des habitats est aujourd'hui considéré comme une des causes majeures de 
l'érosion de la biodiversité (Ehrlich 1988 ; Wilcox et Murphy 1985). Le risque d'extinction local des 
espèces se maintenant sur de faibles surface est élevé (Gilg 2005). Lorsque ces surfaces augmentent, 
leuƌ fƌĠƋueŶĐe augŵeŶte et leuƌ pƌoďaďilitĠ d’eǆtiŶĐtioŶ diŵiŶue ;SahliŶ et SĐhƌoedeƌ 2ϬϭϬͿ. EŶ 
réponse à ce phénomène, rétablir et/ou renforcer les liens entre les différentes parties d'un habitat 
en vue d'augmenter sa connectivité est une stratégie d'action. L'augmentation de la connectivité du 
milieu permet également d'augmenter virtuellement sa surface. C'est le principe du Réseau 
écologique paneuropéen (Conseil de l'Europe 2003) et de la Trame Verte et Bleue, issue du Grenelle 
de l'Environnement. 
La constitution de la Trame Verte et Bleue implique de nombreux éléments, dont les forêts 
constituent un maillon essentiel. Les différents constituants de la diversité structurelle des forêts 
sont autant de variables permettant la constitution de réseaux internes à la Trame Verte et Bleue. Le 
cas particulier du compartiment écologique des "habitats saproxyliques" permet de discerner une 
structure intrinsèque à la Trame Verte et Bleue, la Trame de Très Vieux Bois (TTVB). Elle est 
constituée d'éléments répartis sur l'ensemble du territoire national français, pouvant être forestiers 
ou non forestiers.  
 
 La place des IVB dans la TTVB 
Les IVB permettent d'assurer la présence de vieux bois dans les forêts et plus précisément dans 
les zones soumises à une exploitation intense. Les taux de bois mort en zone exploitée sont 
généralement faibles comparativement à ceux des forêts non exploitées ou anciennement exploitées 
(Penttilä et al., 2004 ; Siitonen et al., 2000). Les différentes classes de bois mort (petit bois frais, gros 
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bois debout ou au sol, houppiers morts...) constituent autant d'habitats pour les organismes 
saproxyliques et n'y sont généralement pas représentées (Michel et Winter 2009). Dans ces 
conditions, l'habitat des espèces saproxyliques disparaît, pouvant entraîner la disparition locale de 
ĐeƌtaiŶes d’eŶtƌe elles ;HaŵŵoŶd et al., 2004).  
Ces différents micro-habitats ne doivent pas être trop éloignés les uns des autres pour permettre à la 
faune saproxylique de les coloniser. 
Pour cela, les IVB sont généralement espacés les uns des autres par de faibles distances, de l'ordre de 
1km en moyenne (Tositti et Cauchetier 2005). Cette répartition spatiale consolide le rôle d'élément 
de ƌĠseau des IVB. Ils œuvƌeŶt à deuǆ ĠĐhelles: au Ŷiveau local en assurant un réseau de bois mort au 
sein du site forestier, mais également au niveau national, en offrant un point "relais" pour la TTVB.  
 
 Autres éléments forestiers de la TTVB 
D'autres structures forestières participent à la structuration de la TTVB. Leur contribution relative à la 
connectivité de la TTVB ainsi que leur capacité à fournir un habitat propice aux organismes 
saproxyliques est mal connu (Degron et Gallemant 1999 ; Témoin 2009). Ces caractéristiques sont 
estimées dans le tableau 2. 
  
Eléments forestiers de la TTVB 
Arbre-
habitat 
Ilots de vieux bois 
Réserve 
biologique Ripisylves îlots de 
vieillissement 
îlots de 
sénescence 
Rôle dans la 
connectivité des 
habitats 
saproxyliques  
Intra 
forestière +++ ++ +++ + ++ 
Inter 
forestière --- -- -- - ++ 
Micro-habitats saproxyliques 
(capacité d'accueil) + ++ (selon âge) +++ (selon âge) 
+++ (selon 
âge) 
++ (selon 
âge et 
taille) 
Milieu refuge ? + + ++ +++ +++ 
Stabilité temporelle ? - -- - +++ ++ 
Tableau 2 : Eléments forestiers constitutifs de la TTVB: caractéristiques fonctionnelles. Légende: --- 
nul, -- négligeable, - peu important, + faible, ++ important, +++ essentiel. 
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Le cas particulier des ripisylves est à expliciter. Selon Piégay et al. (2003), la ripisylve est "la forêt 
riveraine d'un cours d'eau, elle peut correspondre à un corridor très large comme à un liseret étroit et 
se compose d'entités floristiques variées, à bois durs ou à bois tendres [...]". Cette définition ne 
saurait être en accord avec celle de l'IFN, puisqu'une forêt doit être large d'au moins 20 mètres (IFN 
2011). Au Québec, le terme ripisylve est remplacé par le terme de "bandes riveraines" qui englobe 
les notions de forêt alluviale et d'alignement boisés de bord de cours d'eau ou de lacs (Gagnon et 
Gangbazo 2007). C'est dans ce sens que nous utilisons le terme de ripisylve.  
La dynamique des bois morts et de l'apparition de micro-habitats favorables aux organismes 
saproxyliques est accélérée dans les ripisylves (Bouget 2008), ce qui en fait un excellent milieu refuge 
pour les organismes saproxyliques de haut niveau trophique. De plus, ĐeƌtaiŶes espğĐes d’iŶseĐtes 
saproxyliques se retrouvent exclusivement en bordure de cours ou dans les milieux humides 
(Leseigneur 1972 ; Bouget 2008).  
 
 Eléments non forestiers de la TTVB 
La TTVB ne se limite pas aux structures forestières. Des éléments boisés tels que les parcs urbains 
ou encore les bosquets (IFN 2001), les arbres isolés sont autant de constituants de la TTVB. Ils sont 
d'origine variable (lambeaux d'anciennes forêts, arbres repères...) mais ont tous une valeur de refuge 
importante pour les espèces saproxyliques (Borges et al., 2005 ; Borges et al., 2006 ; Jonsell 2004 ; 
Meriguet et Zagatti 2004 ; Ohsawa 2007 ; Vignon 2006).  
Nous utilisoŶs les teƌŵes de ďosƋuets et de haies de façoŶ plus laƌge Ƌue l’IFN ;2ϬϭϭͿ. DaŶs Ŷotƌe 
cas, le terme de bosquet englobe également les parcs urbains, les ilots boisés dans une matrice non 
foƌestiğƌe ;uƌďaiŶe, agƌiĐoleͿ… ChaƋue uŶ de Đes ĠlĠŵeŶts a uŶe suƌfaĐe Đoŵpƌise eŶtƌe Ϭ.ϱha et 
5ha. 
Nous ĐoŶsidĠƌoŶs Ƌu’eŶ plus de leuƌ dĠfiŶitioŶ ;IFN 2ϬϭϭͿ, les haies englobent les alignements 
d’aƌďƌes et la paƌtie des ďoĐages Ŷe ĐoƌƌespoŶdaŶt pas à des aƌďƌes isolĠs ;Duďois 2ϬϬϵͿ. 
  Eléments non forestiers de la TTVB 
  Arbres isolés Haies Bosquet 
Connectivité 
forestière 
Intra 
forestière --- --- --- 
Inter 
forestière + + + 
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Micro habitats saproxyliques ++ ++ + 
Milieu refuge +++ ++ ++ 
Stabilité temporelle + ++ +++ 
Tableau 3 : Eléments non forestiers constitutifs de la TTVB: caractéristiques fonctionnelles. Légende: --
- nul, -- négligeable, - peu important, + faible, ++ important, +++ essentiel. 
Peu d’Ġtudes se soŶt foĐalisĠes suƌ la ĐapaĐitĠ d’aĐĐueil des diffĠƌeŶts ĠlĠŵeŶts ŶoŶ foƌestieƌs de la 
TTVB vis-à-vis des coléoptères saproxyliques. La plupart des études existantes à travers le monde 
concernent les fourmis (Gove et al., 2009 ; Dunn 2000), les chauves souris (Lumsden et Bennett 
2ϬϬϱͿ ou eŶĐoƌe les plaŶtes ĠpiphǇtes ;WeƌŶeƌ 2ϬϭϬͿ. EŶ Euƌope, auĐuŶe Ġtude Ŷ’a eŶĐoƌe ĐoŵpaƌĠ 
la contribution respective de chaque élément non forestier de la TTVB vis-à-vis des coléoptères 
saproxyliques. Des études au cas par cas assimilables à des explorations faunistiques ont été menées 
pour certains de ces éléments (Borges et al., 2005 ; Borges et al., 2006 ; Carpaneto et Mazziotta 
2010 ; Dubois 2009 ; Jonsell 2004 ; Meriguet et Zagatti 2004 ; Ohsawa 2007 ; Vignon 2006).  
La plupart de ces éléments sont en régression depuis 1960 (Boureau et al., 2005 ; Pointereau et 
Coulon 2006). Le rythme de disparition des haies était élevé entre 1960 et 1980 (45.000 km/an) puis 
a diminué entre 1980 et 1990 (15.000km/an) et s'est stabilisé depuis (Pointereau et Coulon 2006). 
On observe également un accroissement de l'âge des arbres constitutifs des haies alors que leur 
linéaire diminue (Pointereau 2001). Ceci pose la question de leur renouvellement et de la survie des 
espèces d'insectes saproxyliques qui s'y sont réfugiées. 
 
1.͵. Vieillissement et trame d’habitat, contexte scientifique 
1.3.1. Gradient de vieillissement des peuplements forestiers 
Pour différencier les termes Vieux et Ancien, Robert (1977) nous donne les définitions suivantes : (i) 
Ancien : « Qui eǆiste depuis loŶgteŵps, Ƌui date d’uŶe ĠpoƋue ďieŶ aŶtĠƌieuƌe », (ii) Vieux : « Qui a 
vécu longtemps ; Ƌui est daŶs la vieillesse ou Ƌui paƌaît l’ġtƌe ». 
Dans le cas particulier des forêts ces deux termes traduisent deux réalités différentes. Une forêt, à la 
diffĠƌeŶĐe d’uŶ ġtƌe vivaŶt Ŷ’a pas de duƌĠe de vie thĠoƌiƋue ŵaǆiŵale. SoŶ eǆisteŶĐe est 
déterminée -hors action anthropique- par des phénomènes naturels de grande échelle telles les 
glaciations (Demesure et Musch 2001). Ainsi, après la dernière glaciation en Europe, 80% de sa 
suƌfaĐe Ġtait ƌeĐouveƌte de foƌġt ;Gilg 2ϬϬϱͿ. Ces suƌfaĐes ƌeliƋues, Ƌue l’oŶ peut appeleƌ des forêts 
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anciennes, sont actuellement estimées à moins de 1% de la surface totale des forêts en Europe (Gilg 
2005).  
L’ideŶtifiĐatioŶ des foƌġts aŶĐieŶŶes eŶ FƌaŶĐe est diffiĐile. BieŶ souveŶt les aƌĐhives ĐoŶĐeƌŶaŶt la 
gestion des forêts ne remontent pas au-delà des cartes de Cassini (XVIIè au XIXèͿ. L’atlas de TƌudaiŶe 
datant de 1745-1780 et cartographiant les routes royales françaises et leurs alentours peuvent 
appoƌteƌ uŶ ĐoŵplĠŵeŶt d’iŶfoƌŵatioŶ poŶĐtuel. CepeŶdaŶt, ŵġŵe les foƌġts pƌĠseŶtes suƌ Đes 
cartes ont pu connaitre des déboisements totaux puis être replantées ou régénérées. Il faut pour cela 
les ĐoŶfƌoŶteƌ aveĐ les Đaƌtes d’Ġtat ŵajoƌ ;XIXè siècle), plus précises (voir Doupouey et al., 2007). 
Ainsi, on peut globalement considérer comme forêt ancienne les foƌġts pƌĠseŶtes suƌ l’eŶseŵďle de 
ces cartes et existant encore de nos jours. Toutefois, de nombreuses nuances sont à apporter à cette 
définition. 
Par opposition, une forêt qui ne répond pas à la définition de forêt ancienne sera considérée comme 
récente (Doupouey et al., 2007).  
 
Les aƌďƌes au seiŶ d’uŶe foƌġt oŶt uŶe duƌĠe de vie limitée allant de 40 à plus de 500 ans (Lanier 
ϭϵϴϲͿ. A l’ĠĐhelle de la foƌġt, il Ŷ’est doŶĐ pas peƌtiŶeŶt de paƌleƌ d’aƌďƌe aŶĐieŶ. Il est pƌĠfĠƌaďle 
d’eŵploǇeƌ le teƌŵe d’arbre vieux. En fonction des essences, un arbre de même âge peut être jeune 
ou vieux.  
Il est important de noter que le terme « d’arbre vieux » Ŷ’a pas la ŵġŵe sigŶifiĐatioŶ pouƌ les 
foƌestieƌs Ƌue pouƌ les Ŷatuƌalistes. Le foƌestieƌ va ĐoŶsidĠƌeƌ uŶ aƌďƌe Đoŵŵe vieuǆ uŶ fois Ƌu’il a 
dĠpassĠ soŶ âge d’eǆploitaďilitĠ. Oƌ, pouƌ le naturaliste, un arbre vieux est un arbre qui entame sa 
phase de sĠŶesĐeŶĐe. EŶ foŶĐtioŶ des esseŶĐes, l’ĠĐaƌt Ƌu’il peut Ǉ avoiƌ eŶtƌe uŶ aƌďƌe vieuǆ au seŶs 
foƌestieƌ et uŶ aƌďƌe vieuǆ au seŶs du Ŷatuƌaliste vaƌie eŶtƌe ƋuelƋue dizaiŶes d’aŶŶĠes et plusieurs 
siècles (Lanier 1986) ! Il y a donc une incompréhension potentielle entre les naturalistes et les 
forestiers quand à la sélection des vieux arbres à conserver. Dans la suite du document, le terme 
« vieux » sera employé au sens du naturaliste. 
 
En tenant compte de ces considérations, il est possible de définir 4 catégories principales de forêts : 
- Les forêts anciennes avec de vieux peuplements 
- Les forêts anciennes avec de jeunes peuplements 
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- Les forêts récentes avec de vieux peuplements 
- Les forêts récentes avec de jeunes peuplements 
Dans tous ces cas de figures, les forêts peuvent avoir été ou être exploitées. 
 
- Old-growth, Green tree retention et Woodland key habitat 
Le terme « Old-growth forest » (OGF) désigne des forêts à vieux peuplements. Cette 
dénomination ne véhicule pas forcément une notion de continuité forestière, contrairement au 
terme anglo-saxon de « ancient woodland » (Kirby et al., 1995). Des forêts récentes peuvent être des 
OGF. EŶ foŶĐtioŶ des paǇs, les seuils d’âge appliƋuĠs auǆ diffĠƌeŶt gƌadients de vieillissement des 
forêts ne sont pas les mêmes (tableau 4).  
 Classes de vieillissement 
Auteurs (Pays) Clearcut Young  
Middle-
age 
Mature 
Overmature 
managed 
Old 
Old-
growth 
Michel et Winter 2009 ; 
Zenner 2000 (USA) 
0-1 an 
20-50 
ans 
51-80 ans 
81-150 
ans 
  
121-250 
ans 
> 250 ans 
Siitonen et al., 2000 
(Finlande) 
      
95-118 
ans 
124-145 ans   
129-198 
ans 
Tableau 4 : CoŵpaƌaisoŶ des Đlasses d’âges assoĐiĠes à diffĠƌeŶts Ŷiveauǆ de vieillisseŵeŶt de la 
forêt entre les USA et la Finlande. 
 
Tout comme les forêts anciennes à vieux peuplements, les OGF présentent de nombreux micro-
habitats favorables à la faune saproxylique des forêts (Gilg 2005). Dans les forêts exploitées, de telles 
structures se font rares. Un des moyens pour maintenir un niveau suffisant de micro-habitats 
favoƌaďles à la ďiodiveƌsitĠ sapƌoǆǇliƋue est de soustƌaiƌe des poƌtioŶs de foƌġt à l’eǆploitatioŶ. A 
terme, ces aires sont prévues pour posséder les caractéristiques des OGF. En France, les îlots de vieux 
bois ont été créés à cet effet (ONF 2009a, 2009b). En Amérique et dans les pays scandinaves, une 
structure similaire existe, les « green tree retention »(GTR) (Addison 2007; Aubry et al., 1999 ; Aubry 
et al., 2004 ; Aubry et al., 2009 ; Gustafsson et al., 2010 ; Hautala et al., 2004 ; Hautala et al., 2009 ; 
Hazel et Gustafsson 1999 ; Hedenas et Hedström 2007 ; Hyvärinen et al., 2009 ; Jairus et al., 2009 ; 
Löhmus et Löhmus 2010 ; Maguire et al., 2007 ; Martikainen et al., 2006 ; Matveinen-Huju et al., 
2006 ; Perhans et al., 2009 ; Pitkänen et al., 2005 ; Rose et Muir 1997 ; Rosenvald et Löhmus 2008 ; 
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Svedrup-Thygesson et Ims 2002 ; Svedrup-Thygesson et Birkemoe 2009 ; Tittler et al., 2001 ; Vanha-
Majamaa et Jalonen 2001 ; Wagner et al., 2010 ; Work et al., 2010). La lecture des articles cités 
peƌŵet d’effeĐtueƌ uŶ ďilaŶ suƌ Đe Ƌue soŶt les GT‘. CoŶtƌaiƌeŵeŶt auǆ îlots de vieuǆ ďois eŶ FƌaŶĐe, 
les GT‘ soŶt tƌğs vaƌiaďles. Ils Ŷ’oŶt pas de taille ŵiŶiŵale puisƋue paƌfois, seuls ƋuelƋues aƌďƌes 
sont conservés, dispersés ou groupés au sein de la zone exploitée. Les études portant sur la taille 
ŵiŶiŵale des GT‘ soŶt eŶ aĐĐoƌd pouƌ diƌe Ƌu’uŶ heĐtaƌe est la taille ŵiŶiŵale des GT‘ pouƌ Ƌu’ils 
puissent assurer leurs fonctions, mais que des tailles supérieures seraient préférables. Plusieurs 
auteuƌs souligŶeŶt ĠgaleŵeŶt l’iŵpoƌtaŶĐe de ĐoŶseƌveƌ suƌ la ŵġŵe paƌĐelle des GT‘ dispeƌsĠs et 
gƌoupĠs. DaŶs l’eŶseŵďle, les GT‘ peƌŵetteŶt le ŵaiŶtieŶ à Đouƌt teƌŵe des espğĐes seŶsiďles à la 
fragmentation forestière. Le rôle des GTR ne se limite pas seulement à la préservation ponctuelle des 
espğĐes seŶsiďles à la fƌagŵeŶtatioŶ foƌestiğƌe, ŵais s’iŶsĐƌit daŶs uŶe logiƋue de ƌĠseau eŶ lieŶ 
étroit avec les réserves forestières.  
Une structure supplémentaire semble spécifique aux pays Scandinaves, les « woodland key 
habitat »(WKH) (Andersson et Kriukelis 2002 ; Aune et al., 2005 ; Berg et al., 2002 ; Ek et Bermanis 
2004 ; Ericsson et al., 2005 ; Gjerde et al., 2004 ; Götmark 2009 ; Gustafsson et al., 1999 ; Gustafsson 
2000 ; Hottola et Siitonen 2008 ; Johansson et Gustafsson 2001 ; Laita et al., 2010 ; Siitonen et al., 
2009 ; Sippola et al., 2005 ; Timonen et al., 2010). Timonen et al (2010) ont fait un récent travail de 
synthèse sur les WKH en Europe du nord. Il en ressort que la définition même de WKH est différente 
en fonction des pays. Cependant, dans tout les pays, les WKH sont présentés comme des zones 
particulièrement importantes pour la biodiversité forestière et abritent ou sont supposés abriter des 
espèces menacées. Ils sont de taille variable, allant de 0,4 à 4,6 ha et ne sont pas répartis de manière 
Ġgale suƌ les teƌƌitoiƌes. Ils assuƌeŶt aveĐ les ƌĠseƌves et les GT‘ uŶ ƌĠseau d’haďitats favorables aux 
espğĐes seŶsiďles à l’eǆploitatioŶ foƌestiğƌe et à la fƌagŵeŶtatioŶ des haďitats. 
 
L’appliĐatioŶ de Đes ŵesuƌes de ĐoŶseƌvatioŶ est ƌĠĐeŶte, elle date d’eŶviƌoŶ 2Ϭ aŶs ;TiŵoŶeŶ et al., 
2ϬϭϬͿ. Nous Ŷ’avoŶs doŶĐ pas eŶĐoƌe assez de ƌeĐul pouƌ Đoŵpaƌeƌ de ŵaŶiğƌe peƌtiŶeŶte les effets 
du vieillissement des peuplements de ces structures sur la biodiversité saproxylique. Cependant, les 
ƌĠsultats pƌĠliŵiŶaiƌes iŶdiƋueŶt Ƌue l’iŵpaĐt des GT‘ et des WKH est plutôt positif pouƌ la 
biodiversité saproxylique (Hazel et Gustafsson 1999 ; Hottola et Siitonen 2008 ; Hyvärinen et al., 
2009 ; Jairus et al., 2009 ; Sippola et al., 2005), mais sans plus de précisions.  
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1.3.2. La TTVB : écologie du paysage et biodiversité saproxylique 
La TTVB est composée de nombreux éléments (détaillés paragraphe 1.2). Ils ne sont pas repartis 
de manière homogène sur l'ensemble du territoire national. Leur connectivité à des échelles 
spatiales et teŵpoƌelles Ŷ'a pas ĠtĠ et Ŷ’est pas eŶĐoƌe foƌĐĠŵeŶt assuƌĠe. La fƌagŵeŶtatioŶ des 
habitats forestiers actuels est le résultat d'une exploitation des ressources et des surfaces forestières 
depuis plusieurs millénaires (Bouget et Brustel 2010). Au cours de son histoire, la surface forestière 
française à évolué, en passant par de très faibles surfaces (16% du territoire national au milieu du 19e 
siècle). Actuellement, l'IFN estime à 28,6% la surface de forêt sur le territoire national (IFN 2008), soit 
environ le double de la surface minimale ayant existé aux alentours de 1850. Actuellement, un peu 
plus de la moitié de la surface forestière française est constituée de plantations et de recolonisation 
naturelle après déprise (Cinotti 1996).  
Cette configuration du paysage est synonyme de perte de biodiversité liée à la fragmentation 
spatiale et temporelle des habitats (Bouget et Brustel 2010). Des mises en garde à ce sujet ont été 
émises par d'autres auteurs depuis longtemps déjà (Norse et al., 1986). 
En général, plus le micro-haďitat d’uŶe espğĐe est duƌaďle daŶs le teŵps, plus les ĐapaĐitĠs de 
dispeƌsioŶ de l’espğĐe soŶt faiďles ;Duďois 2ϬϬϵͿ.  
La plupart des coléoptères saproxyliques primaires (Brustel 2004) est moins affectée par la 
fragmentation des forêts. Ils possèdent de fortes capacités de dispersion leur permettant de 
rejoindre des habitats distants les uns des autres. C'est par exemple le cas pour certaines espèces de 
Scolytidés se développant sur du bois fraîchement mort. Ils sont capables de parcourir des distances 
de plusieurs kilomètres pour trouver un habitat favorable (Williams et Robertson 2008). 
D’autƌes eŶ ƌevaŶĐhe Ŷe possğdeŶt pas de telles ĐapaĐitĠs de dispeƌsioŶ. CeƌtaiŶes espèces telle 
Osmoderma eremita qui occupe les cavités hautes de arbres, s'organisent en systèmes de 
métapopulations (Ranius et Hedin 2001). La fréquence et la taille des populations diminuent avec 
l'augmentation de l'isolement de son habitat (Carpanetto et al., 2010). Les capacités de dispersion de 
cette espèce sont faibles, la distance maximale de déplacement observée varie entre 180m (Hedin et 
al., 2008) et 700m (Dubois 2009), bien qu'en conditions de laboratoire, la distance cumulée 
parcourue par un individu atteint 2360m (Dubois 2009). De plus les modèles mathématiques 
prévoient que peu d'individus (15%) dispersent au sein de chaque population (Ranius et Hedin 2001).  
D'autƌes espğĐes s’oƌgaŶiseŶt suivaŶt le ŵġŵe ŵodğle ;SĐhƌoedeƌ et al., 2007; Svedrup-Thygeson et 
Midtgaaƌd ϭϵϵϴͿ ŵais daŶs d’autƌes tǇpes d’haďitats de haut Ŷiveau tƌophiƋue ;GaliŶdo-Cardonna et 
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al., 2007 ; Jonsell et al., 1999 ; Jonsell et al., 2003) tels les polypores ou les gros bois en état de 
décomposition avancé.  
 
1.3.3. Les IVB : vieillissement des peuplements et biodiversité saproxylique 
Les diffĠƌeŶtes iŶteŶsitĠs d’eǆploitatioŶ foƌestiğƌe ;ŶoŶ eǆploitatioŶ / Đoupe à ďlaŶĐ fƌĠƋueŶteͿ 
produisent une grande variété de paysages, aux âges et aux structurations variées (Michel et Winter 
2009). Ces différentes structurations sont plus ou moins favorables aux organismes saproxyliques. 
Plus les paysages –et les peuplements- issus de l'exploitation forestière sont jeunes, plus leur volume 
de bois mort est faible (Siitonen et al., 2000 ; Moorman et al., 1999). Les forêts à caractère naturel 
(Old-growth forest) sont celles qui présentent les volumes de bois mort les plus importants ainsi que 
les arbres de plus grand diamètre (Nilsson et al., 2003 ; Siitonen et al., 2000 ; Zenner 2004). Le 
constat est le même concernant les micro-habitats favorables aux organismes saproxyliques (Fan et 
al., 2003). La diversité des micro-habitats diminue d'autant plus que l'exploitation forestière est 
intense (Michel et Winter 2009) et que les peuplements qui en résultent sont jeunes.  
Les organismes saproxyliques sont sensibles aux niveaux de bois mort et à la disponibilité en micro-
habitats du milieu forestier. Ces deux composantes sont corrélées négativement à l'intensité de 
l'exploitation forestière. On aboutit donc dans les forêts intensivement exploitées à une dominance 
des jeunes peuplements. Il en résulte un milieu défavorable aux espèces saproxyliques tributaires 
d'arbres vivants de fort diamètre, de forts volumes de bois mort, et de micro-habitats spécifiques aux 
forêts à vieux peuplements (forêts à caractère naturel). Ces observations sont vérifiées dans 
plusieurs pays pour les lichens (Boudreault et al., 2002 ; Moning et Müler 2009 ; Nascimbene et al., 
2010), les bryophytes (Boudreault et al., 2002), les mollusques (Moning et Müler 2009), les 
coléoptères (Grove 2002 ; Hammond et al., 2004 ; Martikainen et al., 2000 ; Similä et al., 2002a ; 
Similä et al., 2002b ; Stenbacka et al., 2010), des parasites de coléoptères saproxyliques (Hilszczański 
et al., 2005), les oiseaux (Moning et Müler 2009) et les polypores (Pentilliä et al., 2004). L'impact 
fortement positif de vieux arbres dans des parcelles exploitées sur la présence de chauves souris a 
également été mis en évidence (Mazurek et Zielinski 2004).  
Les cortèges de coléoptères saproxyliques et de polypores sont significativement différents entre les 
forêts fortement exploitées à jeunes peuplements et les forêts à caractère naturel (Pentillia et al., 
2004 ; Stenbacka et al., 2010). De plus, les espèces présentes sur les listes rouges sont plus 
fréquemment retrouvées dans les forêts à caractère naturel que dans les forêts exploitées, pour les 
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coléoptères (Similä et al., 2002a) pour les polypores (Penttilä et al., 2004) et pour les lichens 
(Nascimbene et al., 2010).  
 
2. Objectifs, questions et hypothèses de travail 
Il s'agit de comprendre le rôle des peuplements sur-matures tels les îlots de vieux bois vis à vis des 
Đoƌtğges de ĐolĠoptğƌes sapƌoǆǇliƋues. Il s’agit plus laƌgeŵeŶt de ĐoŵpƌeŶdƌe le foŶĐtioŶŶeŵeŶt des 
peuplements sur-matures en tenant compte de leur environnement à différentes échelles spatiales 
et temporelles.  
De nombreuses études concernant la fragmentation des habitats ont été réalisées dans le cas de 
gƌoupes taǆiŶoŵiƋues ou d’espğĐes paƌtiĐuliğƌes ;Haddad 2ϬϬϬ ; Telleria et al., 2003 ; Wolff et al., 
ϭϵϵϳͿ, ŵais auĐuŶe Ŷe s’est eŶĐoƌe iŶtĠƌessĠ à la fois auǆ ƌelatioŶs eŶtƌe Đoƌtğge de ĐolĠoptğƌes 
saproxyliques, fragmentation de la continuité forestière, et ancienneté du milieu. Hunter (2002) 
dĠploƌe le ŵaŶƋue d’Ġtudes ŵeŶĠes suƌ les iŶseĐtes et leuƌs ƌelations vis-à-vis de la connectivité des 
milieux fragmentés. 
 
Le ďut de Đette Ġtude est d’évaluer le rôle des différents composants forestiers et non forestiers de la 
tƌaŵe de tƌğs vieuǆ ďois ;TTVBͿ eŶ taŶt Ƌu’ĠlĠŵeŶts de ĐoŶseƌvatioŶ des Đoƌtğges de ĐolĠoptères 
sapƌoǆǇliƋues suƌ uŶ gƌadieŶt de vieillisseŵeŶt et d’aŶĐieŶŶetĠ des peupleŵeŶts.  
 
Nous partons des constats de la littérature scientifique pour appuyer nos axes de recherches : 
La haute ĐoŶŶeĐtivitĠ des haďitats peƌŵet la ĐoŶseƌvatioŶ effiĐaĐe d’espèces menacées (Carpanetto 
et al., 2010). Certains éléments de la TTVB sont connus pour être un refuge important pour les 
espğĐes sapƌoǆǇliƋues ;VigŶoŶ 2ϬϬϲͿ. CepeŶdaŶt, le Đoƌtğge d’espğĐes sapƌoǆǇliƋues pouƌƌait ġtƌe 
diminué par rapport au milieu forestier.  
Les Đoƌtğges de ĐolĠoptğƌes sapƌoǆǇliƋues soŶt diffĠƌeŶts eŶ foŶĐtioŶ de l’âge des peupleŵeŶts. Les 
espèces dépendant de hauts niveaux de dégradation du bois sont le plus souvent des espèces à forte 
valeur patrimoniale et aux enjeux de conservation particuliers (Brustel 2004). 
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L’ideŶtifiĐatioŶ des foƌġts aŶĐieŶŶes eŶ FƌaŶĐe est dĠliĐate ;Dupouey et al., 2007). Certaines espèces 
ne se retrouvent que dans les milieux ayant conservé une continuité forestière importante (Siitonen 
et Saaristo 2000).  
 
Dès lors, trois questions principales émergent :  
- Q1=Dans les paysages avec une densité de trame de très vieux bois contrastée (trame de 
très vieux bois connectée vs déconnectée), quelle est la contribution respective des 
éléments de la trame de très vieux bois à la biodiversité des coléoptères saproxyliques ? 
- Q2=Quelle est la dynamique de la biodiversité des coléoptères saproxyliques sur un 
gradient de vieillissement des peuplements forestiers ? 
- Qϯ=Quel est l’iŵpaĐt de l’aŶĐieŶŶetĠ foƌestiğƌe suƌ les Đoƌtğges de coléoptères 
saproxyliques ? 
 
 
3. Méthodes 
͵.1. Plans d’échantillonnage 
3.1.1. Typologie de paysages avec densité de trame de très vieux bois contrastée (TTVB 
connectée vs déconnectée) 
 
Pouƌ liŵiteƌ les faĐteuƌs ĐoŶfoŶdaŶts et Ŷe pas dispeƌseƌ l’effoƌt d’ĠĐhaŶtilloŶŶage, Ŷous 
ƌestƌeiŶdƌoŶs Ŷos sites d’Ġtude auǆ ĐhġŶaies de plaiŶe.  
 
Propositions 
de forêts 
d'étude 
Gradient de 
vieillissement 
  
Matur 
(100-250( 
Vieux 
(250 et +( 
Total pièges 
Tronçais       
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Fontainebleau       
Compiègne       
Clos de Bercé       
Cadarache       
? Citeaux ?       
? Sare ?       
? Maures ?      
Total pièges     ≤ 100 
Tableau 5 : Etude de la relation entre vieillissement des peuplements et biodiversité saproxylique. 
 
Echelle Forestier Elément Paysage 1 Paysage 2 Paysage 3 Paysage 4 Total 
Arbre + 
Arbre-
habitat 
     
Groupe 
d’arbres + 
Vieux 
peuplement 
     
Groupe 
d’arbres +/- Ripisylve      
Arbre - 
Vieil arbre 
isolé 
     
Groupe 
d’arbres - Haies      
Groupe 
d’arbres - Bosquet      
 
 Total     ≤ 100 
Tableau 6 : Evaluation de la contribution des différents éléments de la TTVB au maintien de la 
biodiversité saproxylique. 
La ƋuestioŶ de l’iŶtĠgƌatioŶ de tĠŵoiŶs ;aƌďƌes ŶoŶ-habitat et peuplement forestier non vieux) reste 
posée.  
Dans tous les cas de figure, un historique rapide des milieux échantillonnés devra être réalisé. Le but 
est de discerner les zones ayant eu de grandes surfaces ou une grande connectivité il y a peu de 
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teŵps pouƌ se pƌĠŵuŶiƌ ou iŶtĠgƌeƌ uŶ effet ƌĠŵaŶeŶĐe des populatioŶs d’iŶseĐtes sapƌoǆǇliƋues. 
Les populatioŶs d’iŶseĐtes sapƌoǆǇliƋues peuveŶt ŵettƌe du teŵps à s’ĠteiŶdƌe loĐaleŵeŶt et 
Ŷ’iŶdiƋueŶt pas foƌĐĠŵeŶt Ƌue l’haďitat est pƌopiĐe au ŵaiŶtieŶ de l’espğĐe ;Gilg 2ϬϬϱͿ. Ce 
phénomène porte le nom « d’eǆtiŶĐtioŶ deďt » (Baldi et Vörös 2006, Hanski et Ovaskainen 2002, 
Tilman et al., 1994, Triantis et al., 2010).  
 
͵.ʹ. Etude de la capacité d’accueil de l’entomofaune saproxylique 
͹.͸.ͷ. Caractérisation de l’environnement 
o Paysage 
UŶe fiĐhe desĐƌiptive des diffĠƌeŶts sites d’Ġtude Ƌue Ŷous souhaitoŶs eǆploƌeƌ daŶs le taďleauϱ est 
eŶ Đouƌs d’ĠlaďoƌatioŶ. Pouƌ aideƌ à loĐaliseƌ Đes sites eŶ FƌaŶĐe, la ĐoŶtribution des réseaux 
Ŷatuƌalistes de l’ONF seƌa solliĐitĠe.  
Critères de sélection proposés:  
- essence dominante des vieux arbres = Chêne  
- peupleŵeŶt d’aƌďƌes ;pas d’aligŶeŵeŶtͿ  
- surface minimale = 3ha  
- Đlasse d’âge ŵiŶiŵale des vieuǆ aƌďƌes = 2ϱϬ aŶs  
- privé ou public  
- vieuǆ aƌďƌes aujouƌd’hui eŶ foƌġt et aveĐ passĠ foƌestieƌ ou agƌofoƌestieƌ  
La sĠleĐtioŶ de sites issue de l’eŶƋuġte seƌa validĠe paƌ uŶe eǆploƌatioŶ de teƌƌaiŶ de ĐhaƋue uŶ 
d’eŶtƌe euǆ. L’iŵpliĐatioŶ de ou des ageŶts loĐauǆ doit peƌŵettƌe uŶe localisation efficace des 
éléments de la TTVB au sein des sites étudiés.  
 
Une fiche descriptive des différents éléments du paysage que nous souhaitons traiter dans le 
taďleauϲ est eŶ Đouƌs d’ĠlaďoƌatioŶ. Pouƌ aideƌ à loĐaliseƌ Đes paǇsages atelieƌs eŶ Fƌance, la 
ĐoŶtƌiďutioŶ des ƌĠseauǆ Ŷatuƌalistes de l’ONF seƌa ĠgaleŵeŶt solliĐitĠe.  
Critères de sélection communs : 
- ŵaǆiŵuŵ d’ĠlĠŵeŶts de la TTVB suƌ uŶe faiďle suƌfaĐe  
- taille de la feŶġtƌe de paǇsage eŶ foŶĐtioŶ de l’eǆistaŶt : 30x30km  
Critères spécifiques : 
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- Haies : 
o Longueur > 25m  
o Hauteur des arbres > 5m  
o Distance entre les arbres > 5m  
- Arbres isolés : 
o Vieux  
o DistaŶĐe à l’aƌďƌe le plus pƌoĐhe > ϱϬŵ  
- Bosquets : 
o Surface entre 0,5 et 5ha 
 
Suƌ l’eŶseŵďle des paǇsages Đhoisis, uŶ ĐeƌtaiŶ Ŷoŵďƌe de Đaractéristiques seront à renseigner pour 
peƌŵettƌe la ĐoŵpaƌaisoŶ des sites eŶtƌe euǆ et de fiǆeƌ d’ĠveŶtuels ďiais : 
- taux de boisement ?  
- tauǆ d’uƌďaŶisatioŶ ?  
- latitude  
- histoiƌe ;diffiĐile de tƌouveƌ uŶ desĐƌipteuƌ siŵple pouƌ stƌatifieƌ…Ϳ 
- connectivité de la TTVB ;deŶsitĠ d’ĠlĠŵeŶts de vieuǆ ďois suƌ la suƌfaĐe de paǇsageͿ 
- autƌes… 
Exemple de sites (Propositions) :  
- Ripisylve : Aube / Champagne (Peuplier Aulne Chêne Bouleau) 
- Bosquets isolés : Aube / Champagne (Pins sylvestre et Bouleau) 
- Haies : Limousin (études déjà faites sur compositions, localisations et connectivité, Chêne) 
De Ŷoŵďƌeuǆ paƌaŵğtƌes soŶt à ĐoŶtƌôleƌ pouƌ Ġviteƌ uŶ ŵaǆiŵuŵ d’effets ĐoŶfoŶdaŶts Đoŵŵe paƌ 
eǆeŵple l’effet ͚esseŶĐe’ ;diffĠƌeŶte eŶ ƌipisǇlve paƌ eǆ.Ϳ eŶtƌe les paǇsages sélectionnés. 
D’autƌes ƋuestioŶs se poseŶt, Đoŵŵe paƌ eǆeŵple la possiďilitĠ de ĐoŶseƌveƌ du ŵatĠƌiel daŶs uŶ 
Ġtat suffisaŵŵeŶt ďoŶ pouƌ des aŶalǇses gĠŶĠtiƋues. La ƋuestioŶ de l’Ġtude de tƌaits 
morphométriques des espèces communes aux différents éléments de la TTVB est également 
eŶvisagĠe telle la taille, ŵesuƌes alaiƌes… ;Giďď et al., 2006).  
D’uŶ poiŶt de vue pƌatiƋue, piĠgeƌ daŶs les zoŶes pƌivĠes peut poseƌ uŶ pƌoďlğŵe de dĠlai 
d’oďteŶtioŶ des autoƌisatioŶs des pƌopƌiĠtaiƌes. Piƌe eŶĐoƌe, uŶ ƌefus puƌ et siŵple Ŷ’est pas à 
exclure. 
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o Peuplement et micro-habitats 
Pour un insecte saproxylique, un micro-habitat peut être réduit à quelques dm3 de bois (Brustel 
2ϬϬϰͿ. UŶe desĐƌiptioŶ de l’eŶviƌoŶŶeŵeŶt iŵŵĠdiat du piğge doit ġtƌe eŶvisagĠe -eŶ plus d’uŶe 
description à une échelle plus large de chaque site- pour mieux comprendre ces relations. 
AĐtuelleŵeŶt, des piğges sĠpaƌĠs paƌ uŶe distaŶĐe ŵiŶiŵale de l’oƌdƌe de 2Ϭ-25m peuvent être 
considérées comme indépendants (Bouget et Nageleisen 2009 ; Fan et al., 2007 ; Giblin-Davis et al., 
1994). Une distance de 30m semble pertinente pour définir un diamètre de la placette à décrire 
autour de chaque piège afin de caractériser son environnement immédiat.  
͹.͸.͸. Caractérisation de l’entomofaune 
Un travail de synthèse sur l'étude des insectes en forêt a été récemment produit par le groupe de 
travail Inv.Ent.For (Bouget et Nageleisen 2009). La pertinence et la rigueur scientifique de ce travail 
ont été validées par le Muséum d'histoire naturelle, l'ONF, l'OPIE, le CEMAGREF, Réserves Naturelles 
de France, l'Ecole d'Ingénieurs de PURPAN et le Ministère de l'Alimentation de l'Agriculture et de la 
Pêche (Département de la Santé des Forêts). Ce document a servi de base pour l'élaboration de notre 
protocole d'échantillonnage.  
Les coléoptères sont utilisés dans de nombreuses études pour discuter des différences entre forêts 
exploitées et non exploitées mais aussi entre milieu fragmenté et non fragmenté (Tableau 7). La 
plupart du temps, ces coléoptères appartiennent au groupe fonctionnel des saproxyliques. C'est un 
groupe particulièrement étudié car relativement bien connu, facilement échantillonnable et 
représentant 20% des espèces saproxyliques forestières (Bouget 2008).  
Perturbation 
anthropique de la forêt 
Gibb et al., 2006a ; Gibb et al., 2006b ; Laaksonen et 
al., 2008 ; MacGeoch et al., 2007 ; Schroeder et al., 
2007 ; Grove 2002 ; Hammond et al., 2004 ; 
Martikainen et al., 2000 ; Simila et al., 2002a ; Simila 
et al., 2002b ; Stenbacka et al., 2010 
Fragmentation forestière 
/ habitats 
Brunet et Isaacson 2009 ; Hammond et al., 2004 ; 
Jonsell et al., 1999 ; Jonsell et al., 2003 ; Jonsson et 
al., 2003 ; Ranius et Hedin 2001 ; Rukke et Mitgaard 
1998 
Tableau 7: Revue bibliographique rapide de l'utilisation des coléoptères saproxyliques comme groupe 
d'étude en forêt. 
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Les coléoptères saproxyliques seront échantillonnés à l'aide de pièges à interception 
ŵultidiƌeĐtioŶŶels de tǇpe POLYT‘AP. Les oďjeĐtifs de l’Ġtude Ŷe soŶt pas Đoŵpatiďles aveĐ 
l’utilisatioŶ de ŵĠlaŶges attƌaĐtifs pour les pièges. Contrairement à un inventaire, nous ne cherchons 
pas à contacter un nombre important d'espèces mais uniquement les espèces en relation proche 
avec le milieu.  
Le positionnement du piège a également son importance. Les pièges installés contre (ou proches) des 
troncs des arbres de fort diamètre et/ou mourants contactent une faune différente de celle de 
pièges installés entre les arbres dans le même milieu (Svedrup-Thygesson et Birkemoe 2009). Plus 
d’uŶ piğge daŶs ĐhaƋue zoŶe devƌa ġtƌe iŶstallé pour limiter cet effet.  
 
3.2.3. Option GDP (structure spatiale des populations de certaines espèces) 
Les Ġtudes suƌ la gĠŶĠtiƋue des populatioŶs d’iŶseĐtes eŶ ŵilieu foƌestieƌ soŶt Ŷoŵďƌeuses. Elles 
sont axées sur les papillons (Habel et al., 2010 ; Joyce et Pullin 2003), mais également sur les 
éphémères (Hogg et al., 2002 ; Rebora et al., 2005), les libellules (Keller et al., 2010) et les 
coléoptères (Knutsen et al., 2000 ; Roslin 2001 ; Whitlock 1996). L'objectif de ces études est variable, 
et nécessite de ce fait des marqueurs génétiques particuliers  en fonction que l'on veuille voir des 
évolutions rapides ou lentes au niveau des populations ou des individus (Sunnuks 2000). Gomez-
Zurita et Galian (2005) ont relevé dans les bases de données génétiques publiques les espèces de 
coléoptères (Chrysomeloidea et Curculionoidea) sur lesquelles des séquences de gènes ont été 
dĠĐodĠes. Paƌŵi elles, tƌois espğĐes se ƌetƌouveŶt eŶ FƌaŶĐe et soŶt sapƌoǆǇliƋues. Il s’agit de Clytus 
arietis (Cerambycidae), Platystomos albinus (Anthribidae) et Ips typographus (Scolytidae). 
Plusieuƌs Ġtudes oŶt ŵis eŶ ĠvideŶĐe des fluǆ d’iŶdividus ĐoŶditioŶŶaŶt la stƌuĐtuƌe des populatioŶs 
ou métapopulations d'insectes étudiés (Knutsen et al., 2000 ; Roslin 2001 ; Whitlock 1996 ; Keller et 
al., 2010). Dans un cas particulier, la fragmentation de l'habitat met en péril la survie locale d'une 
espèce de coléoptères saproxylique (Knutsen et al., 2000) alors que dans un autre, les capacités de 
dispersion de l'insecte lui permettent de se maintenir dans un habitat fragmenté (Roslin 2001). En 
Australie, Watson (2003) a mis en évidence un comportement de dispersion différent en fonction des 
sexes. Les mâles de Prostomis atkinsoni dispersent sur de grandes distances alors que les femelles 
sont plus sĠdeŶtaiƌes. CeĐi pose le pƌoďlğŵe de la ĐoloŶisatioŶ de Ŷouveauǆ patĐhes d’haďitat daŶs 
un environnement fortement fragmenté (Gyllestrand et Seppa 2003).  
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Les possibilités d'étude apportées par l'outil qu'est la génétique sont immenses. Des phénomènes 
populationnels difficiles -sinon impossibles- à observer par des moyens « traditionnels » peuvent être 
clairement mis en évidence (Watson 2003). 
 
CepeŶdaŶt, l’appƌoĐhe gĠŶĠtiƋue Ŷ’est pas saŶs ĐoŶtƌaiŶtes. DaŶs Ŷotƌe Đas d’Ġtude pƌĠĐis, elle se 
heurte à deux obstacles principaux :  
- ;ϭͿ Le Đhoiǆ d’uŶe ou des espğĐe;sͿ sapƌoǆǇliƋue;sͿ. La ou les espğĐes doiveŶt ġtƌe seŶsiďles 
à la fragmentation de leur habitat. Pourtant, choisir des espèces très sensibles à la fragmentation 
Ŷ’est pas judiĐieuǆ. OŶ Ŷe les ƌetƌouveƌait pas daŶs les zoŶes fortement fragmentées, et il serait alors 
impossible de discuter de la structuration spatiale des populations de ces espèces. De plus, elles 
doivent être échantillonnables en nombre suffisant pour permettre des analyses génétiques. Watson 
(2003) a colleĐtĠ ŵaŶuelleŵeŶt plus d’uŶe ĐeŶtaiŶe d’iŶdividus adultes et uŶ peu ŵoiŶs de ϰϬϬ 
larves de P.atkinsoni pouƌ des aŶalǇses gĠŶĠtiƋues suƌ ϭϲ sites d’Ġtude, soit uŶ total de plus de ϱϬϬ 
individus !  
- (2) Le développement de marqueurs génétiques spécifiques à une espèce, la réalisation des 
ŵaŶipulatioŶs, l’utilisatioŶ des appaƌeillages adĠƋuats et l’aŶalǇse des doŶŶĠes oďteŶues soŶt autaŶt 
de facteurs nécessitant des collaborations avec des partenaires ou sous-traitants extérieurs au projet 
pouƌ l’iŶstaŶt.  
 
Ͷ. Lien avec d’autres projets 
Ce pƌojet Ŷ’est pas uŶe iŶitiative isolĠe pouƌ Ġtudieƌ les ƌelatioŶs eŶtƌe vieillisseŵeŶt et ďiodiveƌsitĠ 
sapƌoǆǇliƋue. D’autƌes pƌojets ĐoŶŶeǆes auǆƋuels paƌtiĐipe le Cemagref de Nogent-sur-Vernisson 
sont présentés succinctement : 
 
En lien avec Q1 : Distrafor: L'objectif général de ce projet porte sur l'influence de la trame forestière 
actuelle et ancienne sur la dynamique spatiale de la biodiversité forestière à travers trois volets 
complémentaires.  
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En lien avec Q2 : Thèse d’Aurore Lassauce : Le programme de thèse vise à mieux connaître les 
ĐoŶsĠƋueŶĐes pouƌ l’eŶtoŵofauŶe sapƌoǆǇliƋue de l’iŶteŶsifiĐatioŶ de la ƌĠĐolte des houppieƌs, des 
arbres-entiers, des rémanents forestiers et du vieillissement des TSF et de la futaie.  
En lien avec Q2 : Projet GNB : Le pƌojet a pouƌ ďut d’Ġtudieƌ le lieŶ eŶtƌe ďiodiveƌsitĠ, eǆploitatioŶ 
forestière et naturalité, en comparant des parcelles exploitées à des parcelles non exploitées 
(Réserves Biologiques, Réserves Naturelles).  
 
En lien avec Q3 : Forgeco : Dans ce projet, des développements méthodologiques importants sont 
attendus dans les domaines de la modélisation forestière ;ĐhaŶgeŵeŶt d’ĠĐhelle, gĠŶĠƌiĐitĠͿ, de la 
relation entre historique de gestion et biodiversité, de l’Ġtude de viaďilitĠ, de l’aŶalǇse paƌ la 
méthode des frontières de production et de la gestion participative.  
5. Application des résultats 
La compréhension du rôle et du fonctionnement des peuplements sur matures vis-à-vis des 
ĐolĠoptğƌes sapƌoǆǇliƋues va peƌŵettƌe d’aŵĠlioƌeƌ les pƌĠĐoŶisatioŶs de ŵise eŶ plaĐe et de gestioŶ 
des îlots de vieux bois en forêt. La taille et la distance minimale entre les IVB sera également mieux 
définie pour leur permettre de jouer pleinement leur rôle de « bateau de sauvetage » (Matveinen-
Huju et al., 2006) pour la biodiversité saproxylique.  
Le rôle des différents éléments non forestiers constitutifs de la TTVB sera également mieux 
appƌĠheŶdĠ et peƌŵettƌa d’Ġŵettƌe des ƌeĐoŵŵaŶdations pour optimiser leur répartition spatiale 
au niveau national pour améliorer la connectivité de la TTVB.  
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Abstract 1 Saproxylic beetle diversity monitoring provides a tool for estimating the efficiency
of forest conservation measures. Flight interception traps are commonly employed
to monitor beetle assemblages, although little explicit knowledge of the efficiency
of this trapping method is available.
2 The present study investigated how slight changes in sampling effort can influence
species richness and species composition of assemblages in data sets from standard
window-flight traps.
3 At both trap and plot levels, an additional year or an additional trap provided a
50% increase in the number of species detected (a 75% increase for rare species)
and resulted in a different estimated composition of the assemblages. Adding 2 or
3 years of sampling gave twice as many species and resulted in assemblages that
were 50% dissimilar. Increases in the detection of species and the dissimilarity of
assemblages were similarly affected along a gradient of forest conditions, suggesting
that changes in sampling effort were not affected by forest condition.
4 At the forest level, year or trap replication provided smaller increases in species
richness (31% and 25%, respectively). Within sites, distance measures in species
composition between traps did not differ significantly when based on 1 or 2 years
of data. Using two traps per plot compared with one trap influenced comparisons
between stand types, based on species richness, in 25% of the cases.
5 Species detection was similarly increased by either year replication or trap
replication. The results of the present study highlight the significant role played
by finescale patterns of habitat structure and inter-annual variation with respect to
determining catch size and assemblages of saproxylic species.
Keywords Biodiversity, dissimilarity, flight-interception trap, replication, species
richness.
Introduction
Saproxylic organisms, comprising a functional group that
depends on dead or dying wood (Alexander, 2008), have been
used in Europe (as indicators of forest biodiversity (Nieto
& Alexander, 2010) ever since the preservation of forest
Correspondence: Christophe Bouget; Tel.: (00-33) 23 895 0542; fax:
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biodiversity associated with dead wood was recommended
by the European Council in 1988 (Comite´ des Ministres,
1988a, b). They are also used as a tool for estimating the
efficiency of forest conservation measures in several countries
around the world (Grove, 2002b; Hammond et al ., 2004;
Lachat et al ., 2006; Ohsawa, 2007). Approximately 30% of
European species that depend on forest habitats need dead
wood to some extent (Stokland et al ., 2004). Globally, the
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saproxylic biota is species rich (Grove, 2002a), although many
species are threatened by loss and fragmentation of habitats
with sufficient dead wood and veteran trees.
Beetles account for a large proportion of saproxylic biodi-
versity [e.g. approximately 25% of the saproxylic species in
Scandinavia (Stokland et al ., 2004), second to fungi]. Foresters
and conservationists are paying more attention to them than to
saproxylic fungi or Diptera for both practical and ecological
reasons. Many beetle species have high conservation value;
11% of species are considered as threatened at the European
level (Nieto & Alexander, 2010) and they are assumed to
provide valuable information on the quality and continuity of
woodland habitats (Grove, 2002b).
If saproxylic beetle diversity is to be used effectively as a
management tool in forestry, more explicit knowledge about
the efficiency of trapping strategies is needed. A sound beetle
sampling strategy should focus on: (i) the choice of an efficient
and standardized method, (ii) the timing of samples; and (iii)
the spatial framework. Regarding the first point, window (flight
interception) traps are widely employed for catching active
flying saproxylic beetles (Økland, 1996; Wikars et al ., 2005;
Alinvi et al ., 2006) because they are easy to replicate and
standardize, and are assumed to represent local saproxylic
beetle communities that could only be obtained with much
more effort using active or extraction methods such as bark
peeling, dead wood beating and emergence trapping (Siitonen,
1994; Økland, 1996; McIntosh et al ., 2001; Alinvi et al ., 2006;
Hyva¨rinen et al ., 2006).
In most studies of saproxylic beetles, species richness (SR)
estimates are commonly compared based on data from only
on a single trapping year, although little is known about the
errors involved. Martikainen and Kouki (2003) emphasized
the importance of having large sample sizes (more than 200
species) when studying threatened species. Larger samples can
be obtained by increasing the number of traps, by sampling
for several years or by combining these two approaches. Using
a variety of existing data from entomological surveys based
on multiple-trap plots in France and Belgium, we assessed the
variation in species richness and species composition (evaluated
in terms of Sorensen dissimilarity) of the saproxylic beetle
assemblages caught with standard window traps (Brustel, 2004)
when traps or years of sampling were added. The available
data were limited in range (3 years, two traps per plot at most),
although they covered a wide range of forest conditions. The
present study aimed to determine:
• How does an increase in local sampling effort (increasing
the number of traps or yearly replication per plot) affect the
assessment of species richness and assemblage composition
at the trap, plot and forest level?
• Does the influence of sampling effort on the quality of
biodiversity data vary with forest conditions?
• What are the contributions of trap replication exclusively,
year replication exclusively and the combination of trap and
year replication to variation in estimates of specie richness?
• Does an increased local sampling effort affect the results
of ecological comparisons between stand types at the forest
level?
Materials and methods
The window trap dataset
In the present study, we used datasets compiled using saprox-
ylic beetles obtained from several biodiversity surveys and
ecological studies carried out from 1999 to 2010 by different
French organizations National Research Institute of Science
and Technology for Environment and Agriculture (IRSTEA),
National Forest Office (ONF), University of Toulouse-Purpan
Engineering School (EIP), Office for Insects and their Envi-
ronment (OPIE)] and DEMNA (Departement of Natural and
Rural Environnement Monitoring) in Belgium.
We only compiled data originating from unbaited or ethanol-
baited (methylated spirit, 20%) window traps, suspended
approximately 1.5 m above the ground. The trap was the
basic sampling unit; at most, two traps, located approximately
20–60 m apart, were grouped to represent captures from the
same plot (i.e. the same forest stand). Plots were grouped in
sites, which were forests or a cluster of close forests dedicated
to the same research project. When several trapping years
were available for a given plot, we included only data from
consecutive years.
We divided the overall dataset into three subsets to
analyze the effects of replication on saproxylic beetle diversity
assessments (species richness and assemblage composition)
after aggregating the data at three spatial scales (trap, plot and
forest): (i) the Multi-Year-Trap set (MYT) at the trap level,
to study the effects of year replication (one trap sampled over
several years), (ii) the Multi-Trap-Plot set (MTP) at the plot
level, to study the effects of trap replication (two traps; i.e. one
additional trap located near the first, and sampled one single
year) and (iii) the Multi-Trap-Multi-Year-Plot set (MTMYP),
at the trap and plot levels, to compare the relative effects of
trap and year replications. We also analyzed the consistency
of the effects of trap or year replication over spatial scales,
by upscaling from the trap/plot to the forest level on selected
well-replicated sites.
In the MYT subset, we selected sites in which plots had been
sampled at the same place for two or three consecutive years.
The MYT dataset contained 72 plots, for a total of 299 traps
in 19 sites (Table 1). Six sites (n traps≥ 10), with 239 traps in
50 plots were selected for analyses at the forest level (at least
10 traps cumulated over the same forest; Table 2).
In the second data subset (MTP), a basic plot consisted of
two replicate traps, separated by about 20 m (Bouget & Brustel,
2009) or 60 m (in the ORLEANS and BELGWAL datasets).
The MTP dataset included 14 sites for 294 plots and 588 traps
(Table 1). Eight sites (n traps≥ 10), with 257 plots and 514
traps, were selected for analyses at the forest level (Table 3).
In the BELGWAL set, we considered only the first two traps
in each plot, although the data provided by one of them during
the second sampling year were analyzed as a new replicate.
An independent analysis of trap replication from one to eight
traps using the Belgian set only would be too idiosyncratic,
and weakened by the small sample size (22 plots only). At
the multiple-plot forest level, we also studied whether trap
replication influenced the significance, magnitude and direction
of the faunistic differences between stand types. Environmental
variables describing the stand type and required to answer a
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Table 1 Summary of the dataset used for analyses
Dataset Site
Number of sampling
years
Number of
species
Number of
traps
Number of
plots
MYT Ballons-Comtois∗ 3 135 12 6 (6)
MYT Bannes∗ 2 101 4 2 (2)
MYT BelgWal 2 116 176 22
MYT Chalmessin∗ 3 106 4 2 (2)
MYT Chaumes∗ 2 47 4 2 (2)
MYT Courneuve 2 85 10 2
MYT Fontbleau-Opie∗ 2 77 2 1 (1)
MYT Haute-Meurthe∗ 3 134 4 2 (2)
MYT Hauts-de-Seine∗ 2 148 16 5 (2)
MYT Jujols∗ 2 78 2 1 (1)
MYT Kertoff∗ 3 82 2 1 (1)
MYT Larchant-Marais∗ 2 102 4 2 (2)
MYT Lozere∗ 2 201 16 10 (6)
MYT Mantet∗ 2 38 4 2 (2)
MYT Rnva∗ 3 85 2 1 (1)
MYT Sausset 2 105 25 5
MYT Tourbiere-Charmes∗ 2 62 4 2 (2)
MYT Troncais-Onf∗ 3 162 6 3 (3)
MYT Vauhalaise∗ 2 47 2 1 (1)
MTP Auberive 1 146 48 24
MTP Belg-Wal 2 81 44 22
MTP Brie 1 112 28 14
MTP Caylus 1 93 4 2
MTP Chaux-Regix 1 57 6 3
MTP Coppices 1 210 58 29
MTP Fontainebleau 1 188 50 25
MTP Landes 1 210 104 52
MTP Orleans 1 125 42 21
MTP Orleans-Regix 1 95 6 3
MTP Rambouillet 1 265 120 60
MTP Tronc¸ais-CEM 1 190 62 31
MTP Ventron 1 52 16 8
∗Denotes the sites used to compare the number of additional species collected by a second trap in 1-year plots or by a second year of running one
trap in 2-year plots. The number of plots used for multi-year comparisons is given in parenthesis in the ‘Plot’ column.
MTP, multi-trap plots; MYT, multi-year traps.
transversal ecological question (e.g. dead wood poor versus
dead wood rich) were available on eight sites only in the
MTP set. We used these eight sites to compare managed versus
unmanaged stands (Auberive, Fontainebleau), dead wood-poor
versus dead wood-rich stands (Rambouillet, BelgWal Year1,
BelgWal Year2, Landes) and overmature versus mature stands
(Tronc¸ais-CEM, Coppices).
In the third data subset (MTMYP), we selected two-trap 2-
year plots from the MYT dataset. We excluded the third year
for some sites because a third trap per plot was not available
(exept for BELGWAL). This set (i.e. MTMYP) included 16
sites, 36 plots and 72 traps (Table 1). Samples available for
this analysis were well distributed over the ecological forest
gradients.
Environmental data
Three environmental factors and one methodological fac-
tor were used to describe trap features. The environmental
variables qualifying trap location were: forest type (three levels:
‘conifer’, ‘deciduous’ and ‘mixed’), altitudinal group (two
levels: ‘highland’ and ‘lowland’, with the reference altitude
distinguishing the levels being 1000 m above the sea level) and
climatic (or biogeographical) domain [four levels according
to the ETCB (European Topic Centre on Biological Diver-
sity) (2006): ‘alpine’, ‘atlantic’, ‘continental’, ‘continental-
Mediterranean’]. Data from alpine or Mediterranean regions
were insufficient to provide rigorous tests. The use of bait in
the trap (methylated spirit, 20%) was the only methodological
factor considered (two levels: ‘ethanol-baited’ and ‘unbaited’;
Table 3).
Beetle data
The beetle records from different sets first had to be harmo-
nized, both with respect to nomenclature and saproxylic status.
We choosed to follow the French database FRISBEE developed
by Bouget et al . (2008). Only those records from families for
which beetles were identified to the species level were used for
the present analysis. These included Alleculidae; Anobiidae;
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Table 2 Effect of sampling effort per plot (number traps/years) on species richness and assemblage composition at particular sites
Comparison between 1 and 2 (years per trap or traps per plot)
Sites
Number of
plots (traps) SR-Benefit
Mean Mantel statistics
r (1 versus 1+2)
Mean Mantel statistics
r (2 versus 1+2)
MYT Ballons Comtois 6 (12) 24.10% 0.78*** 0.47***
BelgWal 22 (176) 20.21% 0.59*** 0.57***
Courneuve 2 (10) 40.50% 0.60*** 0.28*
Hauts-de-Seine 5 (16) 35.16% 0.52*** 0.60***
Loze`re 10 (16) 29.06% 0.86*** 0.89***
Sausset 5 (25) 40.94% 0.80*** 0.78***
Mean 31.66% 0.69 0.60
MTP Auberive 24 (48) 30.94% 0.64*** 0.55***
Belg-Wal 22 (44) 33.88% 0.58*** 0.62***
Brie 14 (28) 24.44% 0.79*** 0.57**
Coppices 29 (58) 23.89% 0.71*** 0.73***
Fontainebleau 25 (50) 24.50% 0.71*** 0.68***
Rambouillet 60 (120) 27.27% 0.67*** 0.65***
Landes 52 (104) 15.72% 0.81*** 0.84***
Troncais-CEM 31 (62) 19.87% 0.34*** 0.60***
Mean 25.06% 0.66 0.66
*P <0.05, **P <0.01, ***P <0.001.
The mean species richness benefit index (SR-Benefit) (see text) between traps (multi-trap plot; MTP) or years (multi-year trap; MYT) was used to measure
the increase in species number caught by one additional trap or year, respectively. Mantel tests (999 permutations) assessed whether within-site
between-trap So¨rensen distance matrices based, respectively, on single traps/years were correlated with data that included another trap or year,
respectively. The number of traps in parenthesis is the total number of traps per site.
Table 3 Number of traps in multi-year trap (MYT) and multi-trap plot
(MTP) datasets for each ecological studied factor
Environmental/methodological factors Number of traps
Factor Category MYT MTP
Forest type Conifer 11 89
Deciduous 250 459
Mixed 38 40
Altitude Highland 44 16
Lowland 255 572
Climatic domain Alpinea 6 0
Atlantic 57 360
Continental 220 228
Continental/Mediterraneana 16 0
Bait Alcohol-baited 82 32
No 217 556
aThis category was not considered as a result of its low number of
replicates.
Anthribidae; Biphyllidae; Bostrichidae; Bothrideridae;
Buprestidae; Cerambycidae; Cerophytidae; Cerylonidae;
Ciidae; Cleridae; Cucujidae; Curculionidae (Scolytinae only);
Elateridae; Endomychidae; Erotylidae; Eucnemidae; His-
teridae; Laemophloeidae; Leiodidae; Lucanidae; Lycidae;
Lymexylidae; Melandryidae; Monotomidae; Mycetophagidae;
Nitidulidae; Nosodendridae; Oedemeridae; Phloeostichidae;
Prostomidae; Pyrochroidae; Salpingidae; Scarabaeidae; Sil-
vanidae; Sphindidae; Tenebrionidae; Tetratomidae; Trogidae;
Trogossitidae; Zopheridae. Several beetle families not studied
in a majority of the sets were excluded from our analyses:
Aderidae, Alexiidae, Cantharidae, Clambidae, Corylophi-
dae, Cryptophagidae, Dasytidae, Dermestidae, Eucinetidae,
Latridiidae, Mordellidae, Ptiliidae, Scirtidae, Scraptiidae,
Scydmaenidae, Sphaeritidae, Staphylinidae and Throscidae. A
total of 643 saproxylic beetle species [507 common species
(79%) and 136 rare species (21%)] were present in the studied
datas. They belonged to 42 families (or sub-families).
We characterized each species with conservation value (at
the country level) either as ‘common’ (IP= 1 or 2) or ‘rare’
species (IP= 3 or 4), in accordance with principles discussed
by Brustel (2001) and the database FRISBEE (Bouget et al .,
2008). In this database, each species has a patrimoniality index
(i.e. conservation value; IP), in other words its degree of
geographical rarity in France, with four levels: (i) common
and widely distributed species; (ii) not abundant but widely
distributed species, or only locally abundant species; (iii) not
abundant and only locally distributed species; and (iv) very
rare species (known in less than five localities or in a single
‘county’ in France). The ‘all species’ group contains both the
‘common’ and the ‘rare’ species.
Statistical analysis
Because the abundance of beetles was not always available,
we only considered beetle occurrence for our analyses.We
calculated two major indices based strictly on presence-absence
data: (i) the mean benefit of SR (SR-Benefit) and (ii) the mean
assemblage dissimilarity between traps or years. We defined
the SR-Benefit as the percentage increase in species added by
a second trap or year, as follows:
General formula:
SR-Benefit =
(SR(1+2)-SRi)
SRi
× 100 (1)
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with i = year 1 or 2 (MYT subset), or trap 1 or 2 (MTP subset).
Mean percentages were calculated over plots, forests or years,
depending on the comparison.
Mean assemblage dissimilarity was used to interpret the
significance of the additional captures for understanding the
assemblages.The assemblage dissimilarity between plots or
years was calculated as the Jaccard–Dice–So¨rensen index
(Oksanen et al ., 2011).
To test the influence of environmental characteristics and
the use of bait in the traps on the species richness benefit,
we fit generalized linear mixed models (GLMER) (Bolker
et al ., 2009), assuming a binomial distribution, with site and
plot as random factors and including an observation-specific
random intercept to account for possible overdispersion (Elston
et al ., 2001).We tested the significance of effects by comparing
factorial models and a null model with a likelihood ratio test
(LRT). A Tukey’s multiple-comparison test was performed to
identify where the differences occurred. We set the significant
value of the LRT at 0.01% to limit type II errors.
In the MYT within-site between-trap level analyses, we
tested the effects of different combinations of 1, 2 and 3-year
sampling designs on SR-Benefit and dissimilarity: a second
sampling year after the first one (SR-Benefit A), a third
sampling year after two first consecutive sampling years (SR-
Benefit B) and two additional sampling years after a single first
one (SR-Benefit C).
In the same way, the dissimilarity value was calculated
among first-year and second-year or third-year samples.
Dissimilarity analyses were always conducted with assemblages
composed of all species; a potential more restricted analysis of
rare species assemblages was not useful as a result of the small
proportion of rare species in our data. The same testing strategy
as that used for SR-Benefit was applied for dissimilarity. At the
forest level, we only considered the first 2 years of sampling to
calculate the difference in species richness between one and
two sampling years (see general formula): with SR=Specific
Richness and y(i)= year of sampling 1 or 2.
We used Mantel tests (method=Spearman, 999 permuta-
tions) to test whether within-site between-trap distance matrices
based, respectively, on 1- or 2-year data were correlated.
We compared the effect of additional traps within sites in
terms of SR-Benefit and dissimilarity values during single
years between one- and two-trap plots [SR=Specific Richness;
t(n)= trap number] [possible combinations for each plot:
SRt1 ∼SRt(1+ 2); SRt2 ∼SRt(1+ 2)].
The effects of methodological and environmental factors
were tested with a GLMER, assuming a Gaussian distribution
with a log+ 1 transformation of the raw data. The model
was fit with site as a random factor. The dissimilarity value
was computed between one-trap and two-trap plots. The same
testing strategy as that used for SR-Benefit was applied for dis-
similarity [see the general formula above, with SR=Specific
Richness and t(i)= trap number 1 or 2]. We used Mantel statis-
tics on one-trap or two-trap data to test whether the distance
measures in species composition between traps (i.e. assem-
blage dissimilarity) was influenced by the number of traps
per plot.
To evaluate the contribution of each replication mode (trap
or year) to total species richness, we partitioned the increase
in richness observed in the MTMYP dataset into ‘exclusive’
(species contacted by one mode of replication only) and
‘interactive’ (species contacted by both modes of replication)
effects of trap or year replication by a method adapted from
Alatalo and Alatalo (1977). We used relativized calculations
(i.e. the relative number of additional species compared with
data from single traps and years).
At the forest level, we compared species richness (only the
‘all species’ group) between two stand types A and B, estimated
with one or two traps per plot. Species richness was assessed
using the order-1 Chao richness estimator corrected for bias
(Colwell, 1997) with 100 sample randomizations to calculate
SD. The species richness difference was:
Species richness difference =
(RSB-RSA)
RSA
× 100 (2)
with RSA and RSB being order-1 Chao estimators of the species
richness in the A and B stand types, respectively. We observed
whether the A-B dissimilarity values (± SD) computed for one-
trap or two-trap plots overlapped.
All statistical analyses were conducted using estimates
(Colwell, 1997) and r (R Development Core Team, 2010) with
the lme4 (Bates et al ., 2011), mgcv (Wood, 2008), mvtnorm
(Genz et al ., 2011), multcomp (Hothorn et al ., 2008) and vegan
(Oksanen et al ., 2011) packages.
Results
Effects of year replication on beetle diversity assessments
at trap and forest levels
The MYT trap level dataset included 517 species [417 common
species (81%) and 100 rare species (19%)]. At the trap level,
adding a second year of sampling gave a mean SR-Benefit value
of +53% (Fig. 1) and the mean dissimilarity of assemblages
Figure 1 Mean mean benefit of species richness (SR-Benefit) values
between traps (multi-trap plot; MTP) or years (multi-year trap; MYT) for
‘all species’, ‘common species’ and ‘rare species’. SR-Benefit is the
increase in species number caught by one supplementary trap or year,
which are compared as a percentage with one single trap or one single
year, respectively. In the MYT between year analyses, we tested the
effects of different combinations of 1-, 2- and 3-year sampling designs
on SR-Benefit: a second sampling year after the first one (SR-Benefit
A), a third sampling year after two first consecutive sampling years
(SR-Benefit B), two supplementary sampling years after a single first one
(SR-Benefit C). Error bars represent the 95% confidence intervals.
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Figure 2 Mean So¨rensen dissimilarity between traps (multi-trap
plot; MTP) or years (multi-year trap; MYT) for ‘all species’. The
mean dissimilarity is the difference in species composition between
assemblages caught by one single trap or one single year and
assemblages caught by two traps or additional years. In the
MYT between year analyses, we assessed the dissimilarity between
assemblages caught with different combinations of 1-, 2- and 3-year
sampling designs: a second sampling year after the first one (dissimA), a
third sampling year after two first consecutive sampling years (dissimB),
two supplementary sampling years after a single first one (dissimC). In
the MTP between trap analyses, ‘dissim’ is defined as the dissimilarity
between assemblages caught by one or two traps. Error bars represent
the 95% confidence intervals.
between paired 1-year and 2-year designs was 36% (Fig. 2).
At the forest level, using a second year of sampling increased
species richness by +31%. The mean Mantel correlation
between the within-site distance matrices of 1- and 2-year
data was nonetheless 65%, and significant in all cases studied.
Within-site between-trap distance matrices based, respectively,
on 1-year or 2-year data did not differ (Table 2).
Including year-to-year variation led to notable increases in
understanding of biodiversity. Overall, the number of species
detected after 3 years of sampling was almost twice as large as
the number of species after trapping only for 1 year (+88%)
(Fig. 1). The 3-year assemblages were almost half as dissimilar
as the 1-year assemblages (D = 47%; Fig. 2). At the trap level,
adding a third year after 2 years of sampling provided only a
mean SR-Benefit value of +27% (Fig. 1). Assemblages based
on 3 years of data were only 20% dissimilar to those from
2 years of collecting.
The SR-Benefit values for common species were similar to
those calculated for the whole assemblage. However, these were
much higher for the group of rare species only: +63% from a
1-year design to a 2-year design and even +112% from a 1-year
design to a 3-year design (Fig. 1). Benefit values were much
more variable for rare species only (the confidence interval was
wider; Fig. 1).
At the trap level, we did not observe any effect of
forest type, climatic domain, altitudinal group or baiting
status on of SR-Benefit or assemblage dissimilarity in any
analysis.
Effects of trap replication on beetle diversity assessments at
trap and forest levels
The MTP plot level dataset included 511 species [417 common
species (82%) and 94 rare species (18%)]. Using two traps/plot
provided a mean SR-Benefit value of +48% compared with
using one trap/plot (Fig. 1). This value was similar for analysis
of common species only (+46%) but was much higher for
data about rare species (+78%). Mean assemblage dissimilarity
between designs with paired one-trap and two-trap plots was
33% (Fig. 2). At the forest level, two-trap plots provided 25%
more species, on average, than one-trap plots. Nonetheless,
the mean Mantel correlation value between the within-site
distance matrices of one- and two-trap plots was 66% and was
consistently significant (Table 2).
Similar to the analysis of MYTs, we did not find any
relationship between SR-Benefit or assemblage dissimilarity
that could be related to forest type, climatic domain or
altitudinal group, or related to trap bait.
Comparative effects of trap and year replication on beetle
diversity assessments at trap and forest levels
On average, sampling designs with two traps per plot or two
sampling years returned more species and the effects of an
additional trap or an additional year were similar (Fig. 3).
The relative increase in richness as a result of trap replication
exclusively was approximately 48%, whereas the increase as
a result of year replication exclusively was 53%. However,
the increase reflected in both approaches to replication was
much lower for common species (mean of 17%). These effects
were caused mostly by additions of rare species in the catches
(Fig. 3); the increase as a result of the addition of a single
trap was 43.8% and the increase as a result of a second
year of data was similar at approximately 44.7%. By contrast
to the results reported above for common species, increases
in rare species were more commonly seen in both kinds of
replication (40.8%) (Fig. 3). The increase was explainable by
trap replication exclusively, by year replication exclusively
and by both replication modes redundantly. However, the
relative increase in the number of rare species was highly
variable.
Effect of trap replication on ecological comparisons of
stand types
In all datasets, assemblages from the stand types com-
pared (i.e. managed/unmanaged, dead wood poor/rich,
mature/overmature) were less dissimilar with two traps (mean
of 68%) compared with one trap per plot (73%); however,
these dissimilarity values (± SD) always overlapped. On
average, over the eight cases studied, the difference in species
richness between the two stand types was similar using one-
trap or two-trap plots (approximately 20% as absolute values
in both cases). The magnitude of this difference between
two- and one-trap plots depended on the case. No significant
changes in the direction (A > B or B > A) of the difference
between stand types was observed using one-trap or two-trap
plots. However, in terms of estimated species richness, two
comparisons gave significant A–B differences with two-trap
plots only (Table 4). The only significant A–B difference
found with one-trap plots remained significant using data from
two-trap plots.
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Figure 3 Exclusive and interactive effects of trap or year replication on the total species richness in two-trap and 2-year plot designs, for all, common
and rare species (multi-trap-multi-year-plot; MTMYP dataset). The increase in species richness was partitioned into three components: as a result of
trap replication exclusively (from one to two traps) (I), as a result of year replication exclusively (from 1 to 2 years) (II) and as a result of both replication
modes redundantly (III). Error bars are the SD.
Table 4 Effects of sampling effort per plot (number of traps) on faunistic comparisons of different stand types
Comparison between A and B stand types
One trap per plot Two traps per plot
Stand type Forests
Number of
plots (traps)
Species richness
difference
Assemblage (A–B)
dissimilarity(%)
Species richness
difference
Assemblage (A–B)
dissimilarity(%)
A=Managed Auberive 24 (42) 10%NS 71.30 13%NS 65.40
B=Reserve Fontainebleau 25 (50) −25%NS 78.80 −27%∗ 73.12
A=dead Wood-poor Rambouillet 60 (120) 23%NS 66.97 6%NS 61.41
Landes 52 (104) −1%NS 77.96 −30%∗ 73.27
B = dead Wood-rich BelgWal Year1 22 (44) 34%NS 75.28 10%NS 70.33
BelgWal Year2 22 (44) −12%NS 82.15 23%NS 76.52
A=mature Coppices 29(58) 36%∗ 64.73 41%∗ 62.79
B=overmature Troncais-CEM 31(62) −20%NS 68.49 6%NS 62.49
Mean |20.1%| 73 |19.5%| 68
∗ If order-1 Chao estimators of species richness in forest categories A and B did not overlap, not significant (NS) if they overlapped; So¨rensen dissimilarity
values (+/− SD) did overlap in all comparisons of forest categories A and B with 1 or 2 traps per plot. The difference in species richness (order-1
Chao estimators) was calculated as the percentage of supplementary species in the B compared with the A stand type. Mean values of species
richness difference were based on absolute values (|mean value|). Plots were considered to be dead wood-rich, using the thresholds: 30m3/ha in the
Rambouillet oak forest and in the Belgian oak-beech forests, and 20m3/ha in the French Landes pine forest. Mature high forests were 150–175 years
old; overmature high forests were more than 200 years old (Troncais); mature coppices were 25–30 years old, whereas overmature coppices were
70–80 years old (Coppices). The number of traps between brackets is the total number of traps per site.
Discussion
Replication and species richness estimates
Adding both traps and years to studies of saproxylic beetle
assemblages dramatically increased the number of beetle
species collected at either the plot or forest level. On average, at
the plot level, adding both an additional year and an additional
trap provided a 50% increase in the number of detected species.
The impact was more striking for rare species with a 75%
increase in the number of species. On average, assemblages
based on fewer traps and years were 35% dissimilar to those
with more extensive samples. At the forest level, either year or
trap replication provided a lesser increase in species richness
(31% and 25%, respectively). Species detection was similarly
increased by either year replication or trap replication (one to
two traps).
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Despite large differences in species detection, ecological
studies that ask functional questions about the general effects
of various treatments or management strategies may not be
deeply affected, although the magnitude of differences may be
considerably underestimated. However, the problem remains
for those who aim to monitor biodiversity as a conservation
measure. They are limited by the efficiency of sampling
schemes and the extent to which possible approaches provide
sufficient data (especially on rare species).
Temporal consistency and yearly variations
Our results support the findings of White et al . (2006)
concerning the importance of considering the yearly variation
in species assemblages when estimating species richness and
assemblage characteristics.
Increases in species number or contrasts in assemblage
composition were driven more by rare than by common species.
Similarly, Martikainen and Kaila (2004) showed that rare
species richness varies greatly between years and does not
vary synchronously among forests. During a 10-year study,
they observed a low between-year dissimilarity for common
species (approximately 20–30%) but a higher between-year
dissimilarity for rare species. They showed that most of the
common species observed over a 10-year sampling period
had already been sampled in the first 3 years. In the present
study, successively adding a second or a third sampling year
(compared with 1 year only) gave 50% dissimilar assemblages,
twice the number of species and 112% more rare species at the
trap level. Even at the forest level, a 1-year replication provided
a 31% increase in species richness.
Inter-annual variation of saproxylic beetle assemblages is
driven by several processes: beetle density and flight activ-
ity (Nageleisen & Bouget, 2009), meteorological variations
(Williams, 1940; Rink & Sinsch, 2007), multi-year develop-
mental cycles, variation in mean reproductive activity and the
proportion of reproducing individuals driven by food avail-
ability and/or weather factors, and, finally, yearly variations
in predator effects on prey populations (Turchin et al ., 1999).
These sources of variation are well appreciated for ground bee-
tles (Klenner, 1989; Niemela¨ et al ., 1992; Heyborne et al .,
2003; Irmler, 2003; Scott & Anderson, 2003) and also for
saproxylic beetles (Ranius, 2001; Martikainen & Kouki, 2003).
These variations lead to a ‘time-dependent species accumu-
lation’. A multiple-year sampling strategy reduces the influ-
ence of between-year variations on data quality (Martikainen
& Kaila, 2004).
Between-trap within-plot variations
Small-scale variation in microclimatic conditions, habitat and
microhabitat distribution patterns among plots may lead to
between-trap variation in beetle catches. The influence of
small-scale heterogeneity in beetle habitats on trap catches has
already been shown in pitfall trap data for carabid beetles
(Niemela¨ et al ., 1986; Desender & Pollet, 1988; Niemela¨ &
Spence, 1994; Brose, 2002). The importance of the immediate
surroundings on catches of freely hanging flight intercept traps
has also been demonstrated (Sverdrup-Thygeson & Birkemoe,
2008). Our data showed significant assemblage dissimilarity
between catches of two traps located only approximately 20 m
apart in the same stand. The results obtained in the present
study therefore strengthen the hypothesis that finescale patterns
of habitat structure could play an important role in trap catches.
Although traps may be located close together, data will differ
depending on whether or not they are in flight corridors, near
rich microhabitats, or in open or closed spots.
At a larger spatial scale (i.e. a forest), the SR-Benefit
associated with trap replication appears to decrease; its value at
the forest level is halved compared with the value at the local
plot level (site= 25%; plot= 50%). Nonetheless, the results
of research projects at the forest level may be affected to
some extent by trap replication. For example, trap replication
strengthened some previously insignificant trends in the present
study. Simply doubling the number traps per plot changed the
results for ecological comparisons of species richness in 25%
of the cases studied. However, the comparison of assemblages
in the selected stand types did not differ significantly among
one-trap or two-trap plots.
Sampling rare species
Sampling rare species is especially challenging because they
represent only a small part of the total number of species caught
(McArdle, 1990), approximately 20% in our data. Unlike some
studies (Niemela¨ et al ., 1990; Novotny & Basset, 2000; Grove,
2002b) that define rare species as those poorly represented
in their samples, we followed Martikainen and Kaila (2004)
and a priori defined as rare those species listed as such in
reliable databases (i.e. the French FRISBEE database in our
case; Bouget et al ., 2008).
For the results obtained in the present study, at the plot level,
all SR-Benefits associated with year replication were signifi-
cantly higher for rare than for common species. Moreover, the
annual SR-Benefit remained high (+73% of rare species from
1- to 2-year replicates, +38% of rare species from 2- to 3-year
replicates) throughout a 3-year sampling period. Furthermore,
Martikainen and Kaila (2004) demonstrated that the annual
number of detected rare species is constant throughout a
10-year sampling period. A multi-year study would therefore
be particularly valuable to detect a large amount of rare
species. Martikainen and Kouki (2003) and Martikainen and
Kaila (2004) observed that catches of rare species in small
samples are random and that between-site comparisons based
on such limited data do not provide very useful results.
In the present study, year or trap replication provided an
equivalent +75% increase in the number of detected rare
species at the plot level. Hedgren and Weslien (2008) showed
that selective trap placement (near well-known rich microhab-
itats) was a more efficient way of catching rare species than
random trap placement. In the data obtained in the present
study, even if adding a second trap per plot is assumed to sam-
ple a wider range of microhabitats at the plot scale, the relative
and net increase in rare species detection with an additional
trap was not higher than that with an additional sampling year.
Data from a second sampling year accounts for between-year
variation in rare beetle species density and activity.
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Practical recommendations for saproxylic beetle diversity
surveys
Given the high between-trap variation in species number
and composition within plots, we recommend that ecological
comparisons in species richness should be made at the plot
level and not at the trap level.
Our efforts to partition the effects on increase in species
richness suggest that an extra trap had a similar effect to
an extra year. However, yearly replication will accommodate
mainly inter-annual variation in species occurrences, and trap
replication will probably accommodate microhabitat variation
(Hedgren & Weslien, 2008). In our analysis, the additional
species differed between spatial and temporal replication
modes. For common species, the gross effect of sampling
replication (both trap and year) was significantly lower than
the trap or the year replication effect. In other words, the
specific effect on catches of either yearly variation or small-
scale habitat heterogeneity was stronger than a raw replication
effect (whatever the mode). For rare species, however, the
interactive effect of trap and year replication on the increase in
species richness was as important as the exclusive effects of trap
or year replication. As previously suggested by Martikainen and
Kaila (2004), the raw effect of replication therefore appears to
be more important for rare species.
A complete comparison of relative benefits of these two
replication approaches should take costs into account. On
average, field work accounts for only 20% of the working
time for data collection in a monitoring or research programme,
whereas the remaining 80% is sorting and identification work
in the laboratory (Bouget, 2009). However, this feature depends
strongly on the spatial extent of the programme because field
costs indeed grow higher as the spatial scale of programmes
increases. Thus, trap replication is recommended in large-
scale programmes, mainly for economic reasons. The required
sampling strategy should obviously take into account space
and time constraints dependent on the objectives of the
sampling programme (analysis of environment–biodiversity
relationships, long-term monitoring, intensive inventory, etc.).
Power analyses are needed to better define the minimum
number of traps per plot required to be able to detect at least 5%
differences between two groups of plots. Similarly, at the forest
level, it would be useful to better understand the minimum
number of plots required to compare two groups of sites. To
detect most common species in a site, Martikainen and Kaila
(2004) suggested using at least 20 traps during one single
year. Plots containing a larger number of traps are required to
properly study the sample-dependent species accumulation rate.
Conclusions and perspectives
Our analyses were based on existing data obtained from
France and Belgium after compiling them in a way that
permitted comparison. Significant benefits of replication were
demonstrated despite a narrow range of year or trap replication.
Slight variation in sampling effort (adding trap or year) deeply
affected the quality of data.
Further studies about the relationships between sampling
effort and catch characteristics based on a broader range of raw
data (longer time series, denser sampling plots) will be useful
for suggesting practical guidelines with respect to the sampling
strategies used in monitoring schemes. A longer time frame
for studies explicitly designed to support this type of analysis
would facilitate the better analysis of time-dependent species
accumulation rates. In addition, long-term studies would allow
us to better understand inter-annual fluctuations in assemblage
composition (Kozlov et al ., 2010) and the impacts of global
patterns of increasing or decreasing populations (Conrad et al .,
2004; Salama et al ., 2007), especially under the influence of
climate change.
Unfortunately, long-term, large-scale intensive insect sam-
pling designs are scarce despite their obvious relevance to
effective biological conservation and efficient biodiversity mon-
itoring. The collection of such data is currently limited by
financial constraints, a lack of qualified personnel or by insti-
tutional changes in research orientations (Jackson & Fu¨reder,
2006). We hope that the findings of the present study, aiming
to better understand the sampling methods for saproxylic bee-
tles, provide or improve existing tools and aid in the design of
cost-effective biodiversity monitoring schemes.
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Abstract
Monitoring saproxylic beetle diversity, though challenging, can help identifying
relevant conservation sites or key drivers of forest biodiversity, and assessing
the impact of forestry practices on biodiversity. Unfortunately, monitoring species
assemblages is costly, mainly due to the time spent on identification. Excluding
families which are rich in specimens and species but are difficult to identify is
a frequent procedure used in ecological entomology to reduce the identification cost.
The Staphylinidae (rove beetle) family is both one of the most frequently excluded
and one of the most species-rich saproxylic beetle families. Using a large-scale beetle
and environmental dataset from 238 beech stands across Europe, we evaluated the
effects of staphylinid exclusion on results in ecological forest studies. Simplified
staphylinid-excluded assemblages were found to be relevant surrogates for whole
assemblages. The species richness and composition of saproxylic beetle assemblages
both with and without staphylinids responded congruently to landscape, climatic
and stand gradients, even when the assemblages included a high proportion of
staphylinid species. At both local and regional scales, the species richness as well
as the species composition of staphylinid-included and staphylinid-excluded
assemblages were highly positively correlated. Ranking of sites according to their
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biodiversity level, which either included or excluded Staphylinidae in species
richness, also gave congruent results. From our results, species assemblages omitting
staphylinids can be taken as efficient surrogates for complete assemblages in large
scale biodiversity monitoring studies.
Keywords: biodiversity surrogate, insect sampling, biodiversity monitoring,
identification cost
(Accepted 19 September 2014)
Introduction
The importance of beech forests for forest biodiversity
conservation in Central Europe has recently been highlighted
by several studies (Müller et al., 2013; Lachat et al., 2012;
Gossner et al., 2013). Within beech forest biodiversity,
deadwood-associated (saproxylic) species account for about
25% of the total species richness occurring in temperate and
boreal forest ecosystems (Siitonen, 2001; Stokland et al., 2004).
This high proportion makes them challenging candidates
for forest biodiversity monitoring. However, the species-rich
saproxylic group is often seen as a response group in forest
ecology. Furthermore, this group is known to be highly sen-
sitive to forest management and has consequently become
threatened (Nieto & Alexander, 2010). Furthermore, sa-
proxylic organisms may be used to discriminate old-growth
forests from managed ones (Siitonen & Saaristo, 2000), or as
indicators for different forestry regimes (Davies et al., 2008).
Among the saproxylic organisms, beetles account for more
than 20% of the species diversity (Stokland et al., 2004) and are
often used as a relevant indicators of forest management
impacts for convenience and practical reasons. Monitoring
saproxylic beetle diversity has three main objectives: (i) forest
site ranking, i.e., sorting sites according to their biodiversity
level, and to identify relevant conservation sites (Timonen
et al., 2010), (ii) identifying environmental structural drivers
of forest biodiversity (Bouget et al., 2014) in order to establish
efficient conservation measures and management guidelines,
and (iii) assessing the impacts of forest management on bio-
diversity (Davies et al., 2008).
The monitoring of species assemblages is nonetheless
costly, mainly due to difficult and time-consuming species
identification (Müller & Brandl, 2009). High resolution
analyses require informative long-time and costly datasets.
The importance of data quality in saproxylic ecological
studies has already been highlighted (Parmain et al., 2013).
Several strategies are available to simplify the study of
saproxylic species assemblages, especially to reduce the time
spent on identification. These strategies imply the identi-
fication of specimens (i) at a morphospecies level (Obrist &
Duelli, 2010), (ii) a supra-species level (e.g., genus level), or
(iii) at the species level for only a species subset (indicators –
Schmidl & Bussler, 2004) or selected families or species
(monitoring species – Müller & Gossner, 2010).
Morphospecies, instead of species, have been used in
order to reduce identification cost, but this seems more
efficient for butterflies and spiders (Derraik et al., 2002) than
for beetles (Olivier & Beattie, 1996). Supra-species monitoring,
also called ‘taxonomy sufficiency’, is widely used to rapidly
assess changes in biodiversity (Beattie & Olivier, 1994), but it
does not allow researchers to determine fine-scale changes
(Williams & Gaston, 1994) nor can multivariate analyses be
computed (Terlizzi et al., 2003). Species subsets may be easier,
cheaper and faster to study than the entire target group
(Williams & Gaston, 1994), but relevant subsets able to predict
overall species richness are difficult to identify. Within the
saproxylic beetle group, the explanatory power of several
species subsets have already been tested, such as easy-
to-identify (Sebek et al., 2012) or red-listed species (Timonen
et al., 2010; Lachat et al., 2012). A near-full set of species can be
quickly obtained while excluding the families whose identi-
fication is very time-consuming or taxonomically complicated
(Kennedy & Jacoby, 1997). Family exclusion is therefore a
frequently used procedure in beetle studies (Grove, 2002;
Ohsawa, 2007; Bouget et al., 2014). Most of the excluded
families are taxonomically complicated and their biology is
not well known. Among saproxylic beetle families, some are
nearly always kept for analyses (Cerambycidae, Elateridae,
Cetoniidae) whereas others are often excluded from mass-
trapping samples to exclude doubtful data (Cryptophagus and
Atomaria genera in Cryptophagidae, Epuraea in Nitidulidae,
Latridiidae and Staphylinidae, especially Aleocharinae).
Sebek et al. (2012) explored the surrogate ability of several
saproxylic beetle families, either individually or in combi-
nation, to estimate total species richness per trap. However,
rove beetles (Staphylinidae) were not available in the beetle
dataset they used.
The rove beetle family is one of the most species-rich
saproxylic beetle families (just behind longhorn beetles.
Supplementary Material). Today, staphylinid taxonomy is in
effervescence worldwide, with many new species being
described (Brunke et al., 2012). On the other hand, it is also
one of the most frequently excluded taxa. In some forest
environments, staphylinids are one of the most abundant and
species-rich families in trapped saproxylic beetle assemblages
(Alinvi et al., 2007; Müller et al., 2008). In addition to their
hyper-diversity (they are the most species-rich saproxylic sub-
family in western Europe), Staphylinidae are hard to identify
for the following reasons: (i) there are very few specialized
taxonomical experts (Kim & Byrne, 2006); (ii) identification
keys and books are difficult to keep up to date due to the
quickly evolving taxonomy (though recent publications
(Löbl & Smetana, 2004; Assing & Schülke, 2011) have updated
the previous identification tools (Lohse, 1964; Lohse et al.,
1974) for Central Europe (excluding, however, some species-
rich sub-families such as Aleocharinae, Pselaphinae and
Scydmaeninae); (iii) identification requires the analysis of
internal genitalia, i.e., the Aleocharinae, (Schmidl & Bussler,
2004; Bouget et al., 2008; Stokland & Meyke, 2008); and (iv)
the few specialists are rapidly overwhelmed by the huge
quantities of samples related to large-scale sampling designs
(Langor et al., 2006).
These reasons all indicate that excluding Staphylinidae
from forest biodiversity samples may save time and money
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and make saproxylic beetle datasets more rapidly
available for analysis. Nonetheless, the effects of such an
exclusion on the results in ecological studies must be
evaluated.
Using a large-scale dataset compiled in European beech
forests (Müller et al., 2013), we addressed the following main
questions:
Do saproxylic beetle assemblages with and without
staphylinids congruently respond to ecological (landscape,
macroclimatic and local) gradients? How do the species
richness and composition of assemblages with and without
staphylinids co-vary?
In addition, we analyzed this secondary issue:
Is the response of staphylinid-restricted assemblages
to ecological gradients well reflected by the response of
staphylinid-excluded assemblages?
Material and methods
We compiled saproxylic beetle data obtained during
various projects and corresponding to a total of 1188 flight-
interception traps in 238 forest stands dominated by European
Beech (>50% beech cover) on 85 sites in nine different
countries (see Supplementary Material) from Sweden to
Switzerland and the Ukraine (Carpathians). All traps were
cross-vane flight-interception traps made up of transparent
plastic windows, with total interception area comprised
between 0.6 and 1m2.
Ecological gradients and environmental data
For the purpose of this study, forest conditions were
surveyed at the following levels (see Gossner et al., 2013, for
details):
(i) Landscape characteristics (see table 1) (3-km radius
around the center of each stand) were assessed according
to the European-wide land-cover mapping project
CORINE (http://www.corine.dfd.dlr.de), which uses
satellite remote-sensing images at a scale of 1:100,000.
Land-use information includes 44 categories, which were
used to calculate the following variables (table 1): the
proportion of deciduous forest, the proportion of conifer stands
relative to the extent of forest and the proportion of traffic
and settlements. For Switzerland, the variables were taken
from www.swisstopo.admin.ch; for Ukraine, the vari-
ables were estimated from Google Earth aerial photos.
(ii) Climate variables (see table 1) were extracted from the
WorldClim database with a resolution of 30s and
calculated as a mean value within a 1-km radius; a larger
radius would have led to inaccurate values for sites in
rough terrain (Hijmans et al., 2005). We selected mean
temperature and precipitation of warmest quarter as ecologi-
cally meaningful variables for the life cycle of beetles.
In addition, we included trap elevation.
(iii) Stand conditions (see table 1) were defined according
to three parameters: the estimated deadwood amount
in three levels (low (<30m3ha1; N=689), medium
(30–70m3ha1; N=257), high (>70m3ha1; N=242)),
Table 1. Description of variables (macro-climate, stand, region and landscape) explored in the study. See Gossner et al. (2013) for further
details.
Min Mean (SD) Max
Climatic bio_10 Mean temperature of warmest quarter 116.5 158.1 (10.80) 184.7
bio_18 Precipitation of the warmest quarter 165.8 310.4 (65.48) 434.4
Landscape Deciduous3000m On a 3km radius around the center of each stand:
proportion of deciduous forest
0.005 0.4205 (0.233) 1
Conifer3000m On a 3km radius around the center of each stand:
proportion of conifer forest
0 0.1931 (0.187) 0.74
Urban3000m On a 3km radius around the center of each stand:
proportion of traffic and settlements
0 0.03 (0.049) 0.31
Region 1 Belgium, North-western Germany, Luxembourg n=512
2 Western Germany, Switzerland n=205
3 Sweden n=70
4 Czech Republic, Slovakia n=50
5 Czech Republic, Southern Germany n=164
6 Germany n=95
7 Italy n=83
8 Ukraine n=9
Stand Deadwood amount Dead wood volume estimation in a 25m radius around
the trap.
Low (<30m3ha1; N=689),
medium (30–70m3ha1; N=257),
high (>70m3ha1; N=242)
Protection Considered unmanaged only if no harvesting had
occurred for at least 10 years
N unmanaged=339
N managed=849
Veteran tree Presence of veteran tree in the surroundings of the trap.
Veteran trees have a DBH>70
N presence=447;
N absence=741
Elevation Altitude of the stand Plain N=404, Hill N=608 and
Mountain N=176
Bio-region Alpine n=103
Atlantic n=14
Continental n=1062
Mediterranean n=9
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the protection status (managed versus unmanaged; a
stand was considered unmanaged only if harvesting
had been absent for at least 10 years), and the occurrence
of veteran trees in the trap surroundings (presence versus
absence).
Beetle data
Beetles were identified to the species level by taxonomic
experts, and only saproxylic species were considered for
our analyses. We classified beetles as saproxylic following
Schmidl & Bussler (2004) and Köhler (2010).
We defined three types of species assemblage: (i) with
Staphylinidae only (staphylinid-restricted), (ii) with all species
except for Staphylinidae (staphylinid-excluded), and (iii) with
all species including Staphylinidae (staphylinid-included).
We distinguished three levels of Staphylinidae species
richness per trap: low (staphylinid species accounted for <10%
of total trap richness; N=466)), medium (staphylinid richness
=10–25% of total richness; N=521)) and high (>25% of the
species were Staphylinidae, N=201).
Analyses
Most analyses were carried out at the trap level. The
European dataset was divided into eight regions, defined by
hierarchical cluster analysis (HCA) of between-trap Euclidian
distance matrices between geographical coordinates (vegdist
function, lme4 package (Bates et al., 2014)) (Supplementary
Material). These geographical clusters were included in our
models as random spatial effects.
The correlations between staphylinid-restricted/staphyli-
nid-excluded and staphylinid-included/staphylinid-excluded
species richness were calculated with Spearman correlation
tests.
We also analyzed the effects of staphylinid exclusion on
site ranking, based on species richness. We ranked forest sites
(regional scale) and stands (local scale) according to the
species richness of staphylinid-included or staphylinid-ex-
cluded assemblages. We used the ‘min’ method in the rank
R function to manage ties (ex-aequos). At both spatial scales
(forest n=85 and stand n=238), we computed the mean
absolute value of rank differences (standardized by sample
size) and the total percentage of congruent rankings (±5%
ranking error). After ranking, we also quantified how much
the top-ten forests (or sites, or stands) diverge using
staphylinidae-excluded or -included species richness values.
Contributions of environmental variables (climate, land-
scape and stand variables; table 1) to variations in species
richness (rarefied by abundance) between staphylinid-
restricted/staphylinid-excluded and staphylinid-included/
staphylinid-excluded assemblages were analyzed in Linear
MixedModels, with country, forest site and stand as spatially-
implicit random effects on the intercept (glmer function
in lme4 (Bates et al., 2014)).
Compositional differences between staphylinid-restricted/
staphylinid-excluded and staphylinid-included/staphylinid-
excluded assemblages were analyzed using spatially-
constrained Mantel tests (method= ‘pearson’, permutation=
999, strata=region). To rank the effect of several variables
on variations in species composition (including singletons),
we performed a canonical analysis of principal coordinates
(CAP) (vegan R-package, Anderson & Willis, 2003) with
‘forest’ as a constrained factor. Based on Jaccard distance
matrices, we carried out inertia partitioning on all explanatory
environmental variables, since co-linearity among predictor
variables is not considered to be a problem in CAP. We
calculated the marginal (intrinsic) inertia explained by each
variable (with all other variables partialled out before
analysis), the latter’s statistical significance (permutation
tests – 199 runs), and the relative contribution of each set of
variables to marginal inertia.
All analyses were conducted with R 3.0.1 (R Core Team,
2013).
Results
Our compiled dataset included 552,651 individuals and
936 saproxylic beetle species. Staphylinidae was the most
species-rich family (145 species). These 145 staphylinid species
account for about 16% of the cumulated richness and 14% of
the mean richness per trap. The contribution of rove beetles to
the mean species richness per trap was not different in
managed or in unmanaged stands, in deciduous- or in conifer-
dominated forests, in deadwood-poor or in deadwood-rich
stands, and in lowland or in mountain forests (for details, see
Supplementary Material).
(1) Staphylinid-included versus staphylinid-excluded assem-
blages
Alpha diversity and stand ranking
At the stand level, the Spearman correlation value between
species richness in staphylinid-included versus staphylinid-
excluded assemblages was very high (rho=0.99; fig. 1a). The
ten most species-rich stands were consistent between staphy-
linid-included and staphylinid-excluded assemblages for nine
out of ten stands. The stand ranking based on staphylinid-
excluded data gave a similar result compared with staphyli-
nid-included data in more than 75% of the cases, considering a
5% ranking error; respectively 77 and 79% of the cases in
managed and unmanaged stands. The mean value of rank
difference between staphylinid-included and staphylinid-
excluded ranking standardized by sample size was 0.03,
both in managed and unmanaged stands. The Mantel
correlation value between staphylinid-included and staphyli-
nid-excluded dissimilarity matrices was high and significant
(r=0.98, P<0.001; fig. 1b).
Gamma diversity and site ranking
At the forest site level, species richness in staphylinid-
included and staphylinid-excluded assemblages was strongly
correlated (Spearman rho=0.99; fig. 1c). The identification
of the ten most species-rich sites in our dataset was similar
with staphylinid-excluded data compared with staphylinid-
included data in more than 75% of the cases (with an accepted
5% ranking error). In the Top10 sites given by the ranking
of staphylinid-excluded assemblages, eight were also among
the Top10 based on staphylinid-included data. The mean
value of rank difference between staphylinid-included and
staphylinid-excluded data ranking, standardized by sample
size, was 0.03.
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Fig. 1. a; b; c: correlation between staphylinid-included and staphylinid-excluded data. d; e; f: correlations between staphylinid-restricted
and staphylinid-excluded data.
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Environmental drivers of variations in species richness
Whether staphylinid-included or -excluded datasets
were used, the influence of structural variables on species
richness was consistent. Furthermore, the proportion of
variance explained by fixed factors (for significant factors
only, R2) was slightly higher for staphylinid-excluded data
(Supplementary Material). The level of staphylinid richness
per trap did slightly influence the response of beetle species
richness to environmental parameters. In the dataset restricted
to traps with low or medium staphylinid richness, the effects
of stand, climatic and landscape variables on species richness
per trap were always consistent between staphylinid-included
and staphylinid-excluded assemblages. However, in the
case of traps with high staphylinid richness, the effect of the
climatic variable, mean temperature of the warmest quarter,
was significant on the staphylinid-excluded assemblage,
but not on the whole assemblage.
Environmental drivers of variations in species composition
From the CAP results, a uniform and significant response
of the intrinsic contributions to inertia of selected variables
was observed with both the staphylinid-included and
the staphylinid-excluded species assemblages. Deadwood
amount was the most powerful explanatory variable (table 3).
(2) Response of staphylinid-restricted assemblages
At the stand level, the Spearman correlation value between
species richness in staphylinid-restricted versus staphylinid-
excluded assemblages was lower than the staphylinid-
included/staphylinid-excluded correlation but remained sig-
nificant (rho=0.74; fig. 1d). The Mantel correlation value was
low but still significant between staphylinid-restricted and
staphylinid-excluded distance matrices (r=0.18, P<0.001;
fig. 1e). At the forest site level, species richness values were
less correlated in staphylinid-restricted versus staphylinid-
excluded assemblages (rho=0.78; fig. 1f) than in staphylinid-
included versus staphylinid-excluded assemblages.
Environmental drivers of variations in species richness
The effects of stand, climatic and landscape variables on
species richness per trap were not always consistent between
staphylinid-restricted and staphylinid-excluded assemblages
(table 2). Deadwood amount and mean temperature of the
warmest quarter had a significant effect on species richness
per trap in the staphylinid-excluded data, whereas they did
not significantly affect the species richness per trap in the
staphylinid-restricted data.
Environmental drivers of assemblage variations
In comparison with staphylinid-excluded assemblages,
staphylinid-restricted assemblages were far less influenced by
selected environmental variables: five out of nine predictors
did not have a significant intrinsic contribution to inertia
(table 3). Unlike staphylinid-excluded assemblages, staphyli-
nid-restricted assemblages were not significantly influenced
by management treatment by a surrounding landscape cover
of conifer-dominated forests or by bio-climatic variables
(table 3). Like staphylinid-excluded assemblages, staphyli-
nid-restricted assemblages were affected by a surrounding
landscape cover of deciduous-dominated forests, by localT
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deadwood amount and by local occurrence of veteran trees.
As for staphylinid-excluded assemblages, deadwood amount
had the most important intrinsic contribution to inertia.
Mean temperature and deadwood amount did signifi-
cantly affect the species richness of staphylinid-excluded
assemblages, but not of staphylinid-restricted assemblages.
Discussion
To include or exclude staphylinids?
In beech-dominated forests, the contribution of rove
beetles to the species richness of saproxylic beetle assemblages
was important on average, and particularly so in managed
stands, in deciduous-dominated landscapes, in deadwood-
poor forests and in lowlands. This shows the important role
rove beetles should play in biodiversity monitoring in
managed forests at low altitudes; however, these types of
forests are not currently the focus ofmuch recent research (e.g.,
Carnus et al., 2006). These findings clearly support the interest
of our study on the impact on ecological results of taking into
account this species-rich family or not.
From our evaluation of the effects of Staphylinidae family
exclusion on results in ecological studies, we can infer that
simplified staphylinid-excluded assemblages are relevant
surrogates for whole assemblages. The species richness and
composition of assemblages with or without staphylinids
consistently co-varied. At the stand and forest site levels, the
species richness values of the total assemblage and the
staphylinid-excluded assemblage were highly positively cor-
related. Ranking procedures, with and without Staphylinidae
included in species richness, gave consistent and similar
results at both local and regional scales. The congruency of
stand ranking using the whole or the staphylinid-excluded
data for species richness calculations was the same in
unmanaged and in managed stands. Moreover, the distance
matrices based on both types of assemblages also strongly
correlated. Indeed, species richness and composition of
saproxylic beetle assemblages, with or without staphylinids,
congruently responded to landscape, climatic and stand
gradients. The staphylinid-included and the staphylinid-
excluded assemblages were generally influenced by similar
environmental drivers (deadwood amount, temperature,
and elevation), with a greater part of variance explained for
staphylinid-excluded assemblages. Therefore, the difference
in R2 between models based on staphylinid-included or
excluded datasets was low, and we cannot draw conclusions
on this point.
Overall, excluding Staphylinidae from saproxylic beetle
assemblages did not lead to irrelevant estimations at local or
regional scales, contrary to analyses based on data frompoorly
replicated designs (Parmain et al., 2013). Olivier & Beattie
(1996) obtained similar identical rankings between sites with a
simplified morphospecies approach compared with a detailed
species inventory.
Staphylinids as a target group?
Since rove beetle species are numerous, easily caught in
window-flight traps in various forest conditions, the
Staphylinidae family could legitimately be suggested as a
potential surrogate group reflecting saproxylic beetles as a
whole. Indeed, they are often used in other types of moni-
toring (e.g., pitfall traps; Buse & Good, 1993). Nevertheless,
according to our results in European beech forests, the res-
ponse of staphylinid-restricted assemblages to rough ecologi-
cal gradients did not reflect the response of other saproxylic
beetle families, though at the stand and the forest site levels,
their species richness was significantly correlated. While
investigating the surrogate power of four other single
saproxylic beetle families, Sebek et al. (2012) observed the
highest correlation between within-family and total richness
for Cerambycidae (rho=0.50). In our study, we found higher
correlation values for Staphylinidae (rho=0.68). However, the
environmental drivers of species richness and composition
of staphylinid-excluded or staphylinid-restricted assemblages
differed. Moreover, the distance matrices based on the two
types of assemblages converged only slightly.
Even though Bohac (1999) proposed the use of rove beetle
assemblages as bio-indicators for human land use in semi-
natural and urban areas, we do not recommend their use as
indicators of saproxylic assemblages in a forest context.
Perspectives
We studied saproxylic beetle assemblages only in terms of
species richness and composition. Further approaches could
focus on the guild structure and the conservation interest
of the community. Such research would need to confront the
lack of knowledge on rove beetle biology and rarity status.
Furthermore, the data that do exist indicate that staphylinid
species that have been recorded as predators specialists are
Table 3. CAP used to partition the variation in the response species-plot matrix with respect to the combination of explanatory variables
(macro-climate, stand and landscape). Only the intrinsic contribution to inertia of each variable is displayed.
Staphylinid-included Staphylinid-excluded Staphylinid-restricted
Var % Signif. Var % Signif. Var % Signif.
Deadwood amount 1.69 0.44 ** 1.7 0.43 ** 1.61 0.49 **
Protection 1.14 0.29 ** 1.19 0.3 ** 0.34 0.1 ns
Elevation 0.9 0.23 ** 0.91 0.23 ** 0.43 0.13 *
Veteran trees 0.94 0.24 ** 0.93 0.24 ** 0.65 0.2 **
bio_10 0.71 0.18 ** 0.71 0.18 ** 0.41 0.12 ns
bio_18 0.81 0.21 ** 0.82 0.21 ** 0.38 0.12 ns
Deciduous3000m 0.89 0.23 ** 0.89 0.23 ** 0.67 0.2 **
Conifer3000m 0.58 0.15 ** 0.6 0.15 ** 0.29 0.09 ns
Urban3000m 0.58 0.15 ** 0.57 0.15 ** 0.32 0.1 ns
Signif. codes: ***P<0.001, ** 0.01>P>0.001, * 0.05>P>0.01, ns P>0.05
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probably more opportunistic than was predicted (e.g., Horák
et al., 2011). Furthermore, as alluded to in the introduction,
many staphylinid species have undescribed larvae and the
females of several species are not distinguishable from other
species (e.g., Scaphisoma sp.). Staphylinidae are known to have
large ecological niches (Bohac, 1999); most of them live in
highly variable environments as generalist predators in soil
litter or as parasitoids of Dipteran pupae (i.e., Aleocharinae).
Their detailed ecological requirements and association to
deadwood microhabitats, as well as their rarity status and
distribution patterns remain poorly known for many species.
Falsely identified saproxylic staphylinid species may there-
fore weaken, disturb or, in the worst case, invert the relation-
ships pattern between species and environmental conditions.
Further ecological and taxonomical research on Staphylinidae
is thus urgently needed.
The saproxylic beetle group is family-rich, with more
than 70 families in France alone (Bouget et al., 2008). Beetle
families other than Staphylinidaemay also be time-consuming
to identify, and are sometimes excluded from assemblage
analyses. These neglected families may concern key feeding
groups of specialized species, such as Ciidae, a fungus-eating
species, or they may include threatened and often regionally
red-listed species such as Aderidae. Their exclusion may lead
to biases in the identification of conservation sites and in
functional community analyses. The costs and benefits of
family exclusion versus exhaustiveness in beetle biodiversity
assessment – especially rapid biodiversity assessments (Sebek
et al., 2012) – should be further investigated. Finally, our study
was based only on European beech forests, and it would be
informative to conduct similar analyses in differing forest
settings, for instance in European temperate oak forests or in
conifer-dominated boreal forests.
The supplementary material for this article can be found at
http://www.journals.cambridge.org/BER
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Abstract
The decline of many saproxylic species results from the decrease in old-growth
structures in European harvested forests. Among conservation tools, protected
reserves withdrawn from regular harvesting and extended rotations have been
employed to restore old-growth attributes in structurally simplified managed
forests, even if the effects of such management actions on forest habitats and
biodiversity remain largely unknown.
In this study, we compared structural stand features and saproxylic beetle
assemblages in two stand classes – recently harvested stands and long-established
reserves, where less or more than 30 years had elapsed since last harvest. Habitat
and saproxylic beetle data were collected according to standardized protocols in
153 plots in seven lowland deciduous forests.
Tangible contrasts in stand features were found between long-established
reserves and recently harvested plots. Indeed, most higher-value densities and
volumes were found in unharvested areas. The difference was weaker for
microhabitat-bearing tree density than for deadwood; some deadwood features,
such as volume of large downed and standing deadwood showed a very pro-
nounced difference, thus indicating a marked deleterious effect of forest harvest-
ing on these elements. Deadwood diversity, on the other hand, was only slightly
affected and the level of stand openness did not change.
The response of saproxylic beetles to delayed harvesting was weaker than the
structural changes in deadwood features. Nevertheless, long-established reserves
showed higher species richness and slightly but significantly dissimilar species
assemblages than recently harvested plots. Indeed even if only some guilds weakly
increased in non-harvested plots, harvesting classes significantly affected the
abundance of a quarter of the species tested.
Our results tend to question measures such as rotating and temporarily ageing
patches. We argue in favor of permanent strict fixed-location reserves. Future
work should examine how stands recover old-growth forest attributes and how the
associated saproxylic fauna colonizes in the long term.
Introduction
European forest dynamics has been deeply affected by for-
estry and forest fragmentation for millennia (Peterken,
1996). Stand composition and structure have been greatly
simplified by harvesting and other uses, even in remote
areas. Several studies demonstrated the negative effects of
conventional management practices on old-growth struc-
tures (e.g. Burrascano et al., 2013; Green & Peterken, 1997;
Lombardi et al., 2008). Structural simplification has been
shown to result in the decline of many associated saproxylic
populations, but the issue has received more attention in
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North America and northern Europe than in central and
southern Europe (e.g. Martikainen et al., 2000; Grove,
2002).
In forests subjected to structural simplification through
harvesting, strategies to restore old-growth attributes may
involve (1) setting aside forest plots, (2) extended rotations,
(3) retention of structural features at the time of harvest and
(Keeton, 2006) (4) man-made restoration of structural ele-
ments (Martikainen et al., 2000). In the last 20 years, there
has been an increasing focus on systematic conservation
planning, that is how to select protected areas in a way that
captures biodiversity as efficiently as possible (e.g. Margules
& Pressey, 2000). Protected forests include different protec-
tion categories and surface areas (Schmitt et al., 2009) and
they are described worldwide in countless ways. Areas ‘left
for natural dynamics’ can be found in several protection
categories often as (so-called) strict forest reserves, where
neither silvicultural intervention nor any other avoidable
human impacts are allowed, but other denominations
abound: wilderness areas, areas withdrawn from regular
management, abandoned, unharvested, set-aside forest
areas or unmanaged core areas in national parks. Among
passive restoration strategies (Bauhus, Puettmann &
Messier, 2009), small-scale management tools such as delay-
ing harvesting, leaving unharvested patches or preserving
habitat trees (Lachat & Bütler, 2009) have been employed to
increase the number of old-growth structures in forests
(Bauhus et al., 2009). Other examples include woodland-key
habitats, green-tree retention patches left in clearcuts as
short-term refuges or lifeboats for many organisms during
the regeneration phase in Scandinavia and North America
(e.g. Vanha-Majamaa & Jalonen, 2001, Aubry et al., 1999),
ageing or old-growth patches kept as portions of manage-
ment units in France (Lassauce et al., 2013). Despite an
increase in the number of empirical studies concerning the
effects of forest abandonment on species diversity (see
Paillet et al., 2010), the relative efficiency of each manage-
ment strategy in supporting biodiversity remains unknown.
When harvesting activities are delayed for several decades,
natural forest dynamics may bring about structural
changes that restore old-growth attributes, depending on
site potential (Vandekerkhove et al., 2009): larger trees,
heterogeneous vertical and horizontal structure with greater
variations in tree size, age, spacing and species composition,
increased supplies of deadwood, more large snags and fallen
trees, multiple canopy layers, changes in disturbance regime,
canopy gaps and understory patchiness. These structural
changes have been recorded in several case studies (e.g.
Lassauce et al., 2012, 2013, Sitzia et al., 2012) and may
impact biodiversity.
In this study, we compared the habitat parameters and
the diversity of saproxylic beetles (i.e. abundance, species
richness and composition) in set-aside and harvested areas
in seven lowland deciduous French forests. The issues were
addressed in two steps: (1) How were saproxylic habitat
parameters, such as the diversity and density of deadwood
and tree microhabitats, affected in long-established set-aside
plots compared with recently harvested plots? (2) Did
saproxylic beetle assemblages (including rare species)
respond to these habitat changes?
Material and methods
Study areas
The plots were located in seven lowland beech, Fagus
sylvatica L., and oak, Quercus robur L and Q. petraea
(Mattus.) Liebl., forests (Table 1) in the Atlantic or Conti-
nental biogeographic domain. Each forest was several
hundred kilometers from the others: one in western France
(Chize), three in eastern France (Auberive, Citeaux, Combe-
Lavaux), one in central France (Troncais) and two in north-
ern France (Rambouillet, Fontainebleau). The plots in each
forest were several hundred meters apart. A design of 153
plots was set up in managed stands (98) and in recently (16)
or long-established (39) forest reserves. Managed forests
were coppice-with-standards under conversion to high
forest (33), even-aged (54) or uneven-aged (11) high forests
(see Supporting Information Table S1). All plots were
located in mature stands before regeneration felling or final
cut. Last harvests consist of thinning operations in even-
aged high forests and single tree removals in coppice-with-
standards stands under conversion and uneven-aged high
forests. The time elapsed from last harvest was postulated
Table 1 Sampling design layout. Among long-established reserves (L-UNH), old (> 30 years) and very old reserves (> 100 years) were not tested
separately due to the small number of replicates available in the latter category. Managed plots and recently established reserves are grouped
in R-HAR. Sampling year between brackets
Beech Oak
TotalR-HAR < 30 years
L-UNH > 30 yrs
R-HAR < 30 years
L-UNH > 30 yrs
30–100 years > 100 years 30–100 years > 100 years
Auberive [2009] 11 4 7 2 24
Chize [2010] 10 2 12 24
Citeaux [2010] 6 6 12
Combe-Lavaux [2010] 3 2 1 2 8
Fontainebleau [2008] 5 3 9 7 24
Rambouillet [2007] 24 6 30
Troncais [2009] 28 3 31
Total 29 11 9 85 19 0 153
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for each plot based on management plans, reports or infor-
mation from local managers. Unlike Christensen et al.
(2005), we did not derive the number of years since last
harvest from the official establishment date of the reserves
as these do not necessarily coincide. Because the time since
last harvest was not precisely known in several cases, we
classified the plots into two harvesting classes based on the
best estimate of the length of time without harvesting or
removal of trees and deadwood (Table 1): ‘recently har-
vested’ (R-HAR < 30 years ago, n = 114), including har-
vested plots (n = 98) and recently established reserves
(n = 16); or long-established reserves (L-UNH > 30 years,
n = 39), including old (> 30 years and < 100 years, n = 30)
and very old reserves (> 100 years, n = 9). Very old reserves
were found in the Fontainebleau state forest only. We col-
lected environmental and entomological data following
standardized protocols.
Beetle sampling and identification,
species characterization
Flying saproxylic beetles were sampled by two cross-vane
flight interception traps (PolytrapTM, E.I. Purpan, Toulouse,
France) per plot, set about 20 m from each other, for a total
number of 306 traps. The unbaited traps were suspended
roughly 1.5 m above ground. Active insects were collected
from April to August during 1 year. For each species in all
the taxa from the ±50 families recorded, we characterized
degree of geographic rarity in France according to the
FRISBEE database (http://frisbee.nogent.cemagref.fr/
index.php/en/) and distinguished common (abundant
and/or widely distributed) and rare (not abundant and only
locally distributed) species. All species were assigned to one
saproxylic trophic group, but only the four main guilds were
studied (xylomycetophagous, xylophagous, saproxylo-
phagous and zoophagous).
Stand and deadwood variables
We used a combination of fixed-area and fixed-angle tech-
niques to estimate (1) wood volumes for live trees, snags,
logs and stumps, and (2) the basal area of live trees on
0.15 ha (Fontainebleau, Auberive, Chize, Citeaux, Combe-
Lavaux) or 0.30 ha (Rambouillet, Troncais) plots. We set a
minimum diameter of 7.5 cm for live trees, snags and logs.
Four variables were used to describe the deadwood: tree
species, diameter (six classes: 5, 10–15, 20–25, 30–40,
50–65, > 70 cm), position (log, snag, stump), decay stage
[nine classes adapted from Sippola, Siitonen & Kallio (1998)
and Larjavaara & Muller-Landau (2010) and crossing three
classes of remaining bark cover (from 95% of the stem still
covered by attached bark to missing bark over the whole
stem) and three classes of inner wood hardness assessed by
‘knife penetration test’ (from hard outer wood to deeply
disintegrated and soft inner wood)]. A deadwood diversity
index was calculated as the number of observed deadwood
types, that is the number of combinations of the above four
variables (tree species × diameter class × decay class × posi-
tion), as suggested by Siitonen et al. (2000). The volume of
live trees was calculated using wood volume tables based on
the dbh variable, and used to estimate the deadwood volume
ratio (= dead wood/(live + dead wood)), accounting for site
productivity (Hahn & Christensen, 2004). Based on the
deadwood surveys, we selected seven deadwood variables
for analysis: (1) deadwood volume, (2) deadwood volume
ratio, (3) number of deadwood types, (4) standing dead-
wood volume, (5) large standing deadwood (diam-
eter > 40 cm) volume, (6) downed deadwood volume, and
(7) large downed deadwood (diameter > 40 cm) volume.
The thresholds defining large deadwood, large and very
large trees were inspired by results in Nilsson et al. (2003)
and Larrieu & Cabanettes (2012).
The basal area of large trees (67.5 < dbh ≤ 87.5 cm) and
very large trees (dbh > 87.5 cm) were measured on 0.15–
0.3 ha plots; the density of large trees was also inventoried in
1-ha circular plots. Tree microhabitat densities were inven-
toried during leaf-burst in 1-ha circular plots centered
around the two flight traps. We recorded seven microhabitat
types borne by live trees (Larrieu & Cabanettes, 2012): (1)
‘empty’ cavities, (2) cavities with mould, (3) fruiting bodies
of saproxylic fungi, (4) sap runs, (5) dead branches, (6) tree
crown deadwood, and (7) missing bark [i.e. hard patches of
wood with no bark > 600 cm2] (see Table 2 for further
details on predictors). Microhabitats other than crown
deadwood were only recorded when visible on the trunk
beneath and within the tree crown. Trees with more than
one microhabitat of the same type were counted only once,
but trees bearing more than one microhabitat type were
counted once for each microhabitat type. The total density
of microhabitats, the number of microhabitat types (among
the seven observed types) and the individual densities of
four microhabitat types (‘empty’ and mould cavities pooled,
dead branches and tree crown deadwood pooled,
sporocarps of saproxylic fungi and sap runs) were consid-
ered for analysis. Stand openness was assessed as the total
proportion of open areas (clearings, edges, stand surface
with a well-developed herb layer composed of flowering
plants) in a 1 ha plot. For further details on how the envi-
ronmental variables were measured, see Bouget et al. (2013).
Data analysis
Our main objectives were to compare (1) stand structural
characteristics and (2) saproxylic beetle assemblages in the
two stand classes (R-HAR and L-UNH) based on the
amount of time elapsed since last harvest. Because the same
set of environmental variables was used for both traps in the
same plot, the catches of the two traps were combined prior
to analyses carried out at the plot level.
The differences in mean values of structural stand fea-
tures between recently harvested and long-established
reserves were analyzed with a Generalized Gaussian or
Poisson Linear Mixed Model where ‘forest’ was a spatially
implicit random effect on the intercept (lmer function in
lme4 R-package).
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To rank the effect of the harvesting variable among struc-
tural predictors of variations in common or rare species
richness, we assessed the multimodel-averaged estimates
(Burnham & Anderson, 2002) determining the response of
species richness to stand features. As colinearity among pre-
dictor variables may lead to unreliable parameter estimates,
we implemented the strategy suggested by Zuur, Ieno &
Elphick (2010) to address multicolinearity before model
averaging. We sequentially dropped the covariate with the
highest variance inflation factor (VIF), then recalculated the
VIFs and repeated this process until all VIFs were below a
preselected threshold (Zuur et al., 2010 suggest a cut off at
3). We used the ‘vif.mer’ function to calculate VIFs for
linear mixed-effects models built using the lmer function in
the ‘lme4’ package (Table 2). As the relationship between
species richness and deadwood volumes is better described
by semi-log models (Martikainen et al., 2000), we used (log
x+1)-transformed values for deadwood volumes. The
selected variables with VIF < 3 were: harvesting class, open-
ness, basal area of very large trees (dbh > 87.5 cm), large
tree 1 ha density, density of sap-run-bearing trees, density of
fungus-bearing trees, density of cavity-bearing trees, density
of crown deadwood-bearing trees, number of microhabitat
types, total deadwood volume, deadwood ratio, log10 (large
downed deadwood volume), log10 (large standing dead-
wood volume). For each response variable, we generated the
null model and generalized linear mixed models (Poisson
error structure) with all the combinations of two explana-
tory variables. Using the differences in the Akaike informa-
tion criterion (AICc) scores between each model and the
best model (ΔAICc) as well as the Akaike weights for each
model, we calculated the model-averaged estimates. Only
significant variables (P < 0.10 across all the models) were
displayed (lme4, MuMIn, arm; R-packages).
To rank the effect of the harvesting variable among struc-
tural predictors on variations in species composition
(including singletons), we performed a Canonical Analysis
of Principal coordinates (vegan R-package, CAP, Anderson
& Willis, 2003). Based on Jaccard distance matrices, we
carried out inertia partitioning on all explanatory environ-
mental variables, as colinearity among predictor variables is
not considered to be a problem in CAP. We calculated total
constrained inertia, the marginal (intrinsic) inertia explained
by each variable (with all other variables partialled out
before analysis), the latter’s statistical significance (permu-
tation tests – 100 runs) and the relative contribution of each
set of variables (deadwood, microhabitat, stand, forest, har-
vesting class) to constrained inertia. In addition, we used a
pairwise ANOSIM procedure based on Jaccard distance
matrices to test for differences in assemblage composition
among predefined groups with spatially constrained permu-
tation tests (Clarke, 1993); the grouping factor was the har-
vesting treatment and the spatial constraint the forest.
We also used a generalized linear mixed model, with a
spatially implicit variable (forest) as a random factor on the
intercept and a Poisson error distribution, to analyze the
differences between the two harvesting classes in (1) mean
abundance and richness per plot of rare or common species
and trophic groups, and (2) mean abundance of selected
species (more than 20 individuals caught and occurring in at
least 10 out of the 153 plots in our data set). Since we found
a close correlation between total abundance and the number
of beetle species recorded on a plot, we used the number of
individuals as a covariate in the richness models (Gotelli &
Colwell, 2001) to separate the effects on the number of
individuals from species effects. To analyze differences in
occurrence per plot of selected beetle species between the
two harvesting classes, we used a generalized linear mixed
model with a binomial error structure and ‘forest’ as a
spatial random effect (lmer function in lme4 R-package). In
order to quantify the magnitude of significant differences
between R-HAR and L-UNH treatments, we computed an
index by dividing model estimates for each of the harvesting
treatments (estimate L-UNH/ estimate R-HAR) with
‘forest’ as a random factor.
All analyses were conducted using R v2.12.0. All
R-packages used are available online at http://cran.r
-project.org/web/packages/available_packages_by_name
.html. The ‘vif.mer’ function is available online at https://
github.com/aufrank/R-hacks/blob/master/mer-utils.R.
Results
Overall, the compiled dataset included 99 383 individuals
in 476 beetle species (25 taxa identified at the genus level
only), among which 377 common, 69 rare (15% of the total
number) and 30 species with an undefined rarity status were
recorded.
Habitat parameters in R-HAR plots
versus L-UNH
Significant differences in stand features (deadwood, micro-
habitat, large trees, openness) were measured between
L-UNH and R-HAR (Table 2). Values for deadwood
(deadwood volume, deadwood ratio, number of deadwood
types, downed deadwood volume, large standing
deadwood volume, standing deadwood volume, large
standing deadwood volume), microhabitats (density of
microhabitat-bearing trees, number of microhabitat
types, density of cavity-bearing trees, density of deadwood-
bearing trees, density of fungus-bearing trees) and large tree
characteristics (basal area of large trees and very large trees,
density of large trees) were always considerably higher in
L-UNH than in R-HAR plots. Deadwood diversity was
only slightly, although significantly, higher in L-UNH. Only
the density of sap-run-bearing trees and openness values
remained significantly unaffected by the harvesting class.
The magnitude of the differences between R-HAR and
L-UNH plots was even more pronounced with respect
to certain deadwood features. These differences were
characterized by a high relative increase from R-HAR to
L-UNH that is the ratio dividing estimates in L-UNH by
R-HAR for four variables: large downed deadwood volume
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(estimate ratio = 8.97), large standing deadwood volume
(estimate ratio = 8.79), standing deadwood volume (esti-
mate ratio = 4.84) and basal area of very large trees (esti-
mate ratio = 4.80). This indicates a strong negative effect
of forest harvesting on those attributes. According to the
estimate ratio, the differences measured between L-UNH
and R-HAR plots were even more pronounced for
large deadwood volumes than for large tree characteristics.
Microhabitat features were not as impacted as were
deadwood and stand features by the harvesting class
(Table 2).
Saproxylic beetle diversity in R-HAR plots
versus L-UNH
Species composition
Variations in total inertia of saproxylic beetle assemblages
were explained by geographical (35.0%), deadwood (9.0%),
microhabitats (8.8%) and stand structural characteristics
(7.0%) (Table 3). Only openness, microhabitat diversity,
deadwood ratio and deadwood diversity had a significant
(P < 0.05), although marginal, contribution to variations in
species composition. As along with the density of fungus-
bearing trees and large standing deadwood volume, the class
of time elapsed since harvesting showed a non-significant
trend (P < 0.1), accounting for only 1.7% of the constrained
inertia. A spatially constrained ANOSIM test also showed
slightly, but significantly, dissimilar species assemblages
between the harvesting classes (1000 permutations, R: 0.168;
significance: 0.002).
Species richness
The class of time elapsed since harvesting was not a key
variable for saproxylic beetle species richness; it ranked
fifth in explanatory value among the 12 structural stand
features and was only slightly significant (Table 4). L-UNH,
however, showed a higher saproxylic beetle species richness
than R-HAR plots (Table 4). The best models for both rare
and common species were the number of deadwood types
and openness, and the best for common species was dead-
wood volume ratio.
Table 3 Ranked effect of the harvesting class among structural and spatial predictors on variations in species composition
Predictors
Cumulated
marginal inertia %CI
Spatial Forest** 7.348 34.97%
Set-aside Harvesting class° 0.357 1.699%
Stand Basal area of large trees, basal area of very large trees, density of large trees, openness** 1.475 7.019%
MH Total density of microhabitats, number of microhabitat types*, density of cavity-bearing
trees, of fungus-bearing trees°, of deadwood-bearing trees, of sap-run-bearing trees
1.863 8.866%
DW log10 (Total volume deadwood), Deadwood ratio*, log10 (large downed deadwood
volume), log10 (large standing deadwood volume)°, log10 (downed deadwood volume),
log10 (standing deadwood volume), Number of deadwood types*
1.899 9.041%
Canonical Analysis of Principal coordinates (CAP) used to partition the variation in the response species-plot matrix with respect to the
combination of explanatory stand features (deadwood, microhabitat, large trees, openness); %CI: relative contribution to constrained inertia.
Significance of marginal contribution to inertia: °0.1 > P > 0.05; *0.05 > P > 0.01; **0.01 > P > 0.001.
Table 4 Ranked effect of the harvesting class among structural predictors on variations in species richness. Multimodel averaged estimates for
structural stand features (deadwood, microhabitats, large trees, openness) and harvesting class determining the response of saproxylic beetle
species richness (rare, common). Relative importance is the weight of evidence for each parameter across all the best models combining
several variables (mixed-effect models, with forest as a random effect)
species
richness variable
Variable
Relative
contribution Best models (DeltaAICc < 3)
Model-averaged
estimate (significance)
Rare 1. Number of deadwood types 1.48*** 0.93 divDW+open AICc = 596.8
2. Openness 0.81** 0.65
Common 1. Openness 10.02*** 1.00 open+ratio
divDW +open
AICc = 1166.7
AICc = 1167.02. Deadwood ratio 6.53*** 0.51
3. Number of deadwood types 10.81*** 0.45
4. Harvesting class 3.92° 0.01
5. Density of cavity-bearing trees 3.70° 0.01
6. log10 (Volume of large downed deadwood) 3.70° 0.01
Only significant variables (°0.1 > P > 0.05; *0.05 > P > 0.01; **0.01 > P > 0.001; ***P < 0.001) were selected.
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Guild composition
The abundance of common and xylophagous species was
significantly lower in L-UNH than in R-HAR plots.
Zoophagous species abundance was not sensitive to the har-
vesting class. In contrast, mycophagous, saproxylophagous
and rare species were more abundant in L-UNH. The
number of mycophagous, zoophagous and common species
per plot, after accounting for abundance, was slightly, but
significantly, higher in L-UNH. For saproxylophagous,
xylophagous and rare species, no significant difference in
species richness was observed between harvesting classes
(Table 5).
Individual species responses
At the individual species level, about 25% (n = 39.) of the
tested species had a significant response in abundance to
the harvesting class. The same proportion of significantly
responding species occurred in both harvesting classes: half
of the species were significantly more abundant in R-HAR
plots, and half were significantly more abundant in L-UNH.
Two rare taxa were included among the species responding
positively to L-UNH (none were found in R-HAR plots;
Table 6).
Discussion
Changes in stand structure induced
by non-harvesting
In L-UNH (i.e. plots set-aside for at least 30 years) origi-
nating from managed stands, we measured tangible con-
trasts in stand characteristics compared with R-HAR plots.
Indeed, most of the stand characteristics we studied dis-
played higher volume and density values in long-established
set-asides than in R-HAR areas.
More than 30 years without harvesting allowed the dead-
wood volumes to increase significantly. Vandekerkhove
et al. (2005) already showed that deadwood can accumulate
quite fast in forest reserves, especially in terms of density. In
abandoned beech forests in Germany, Meyer & Schmidt
(2011) indicated a rather fast relative increase in deadwood
volume: total deadwood doubled in about 9 years (standing
deadwood in 7 years). Such figures are probably dependent
on dominant tree species, soil fertility and the silvicultural
stage of the stand at the time it was set aside. Several other
studies found a similarly significant increase in deadwood
volume in long-unharvested stands compared with managed
ones (Kirby, Webster & Antczak, 1991; Sippola et al., 1998;
Motta et al., 2010; Calamini et al., 2011), or at least for
coarse woody debris (Boncina, 2000; Marage & Lemperiere,
2005; Sitzia et al., 2012). Timonen et al. (2011) also
Table 5 Values of the estimates (s.e. between parentheses) from generalized linear mixed effect models with a Poisson error distribution for
abundance and richness of ecological groups of saproxylic beetles species in ‘recently harvested (R-HAR < 30 years ago) or ‘long-established
reserves’ (L-UNH > 30 years ago)
Abundance Species richness
Estimate R-HAR Estimate L-UNH Estimate R-HAR Estimate L-UNH
Feeding guilds Mycophagous 4.066 (0.306) 4.201 (0.306)*** 2.25 (0.099) 2.395 (0.106)*
Saproxylophagous 2.345 (0.340) 2.533 (0.341)*** 1.339 (0.172) 1.415 (0.180) NS
Zoophagous 4.029 (0.154) 4.038 (0.155) NS 2.099 (0.119) 2.233 (0.124)*
Xylophagous 5.056 (0.457) 4.745 (0.457)*** 2.65 (0.077) 2.601 (0.084) NS
Rarity groups Common 5.773 (0.341) 5.572 (0.341)*** 3.682 (0.001) 3.776 (0.001)**
Rare 2.073 (0.431) 2.27 (0.432)*** 0.744 (0.184) 0.919 (0.1985) NS
Total 5.859 (0.326) 5.672 (0.326)*** 3.786 (0.001) 3.889 (0.001)***
Probability (P) of a significant difference between mean values is indicated by: NS = not significant. *P < 0.05, **P < 0.01, ***P < 0.001. We
used the abundance of a covariate in species richness models.
Table 6 Difference in abundance per plot of selected species
between ‘recently harvested’ (R-HAR < 30 years ago) or
‘long-established reserves’ (L-UNH > 30 years ago) plots
Abundance > in R-HAR Abundance > in L-UNH
Ampedus quercicola Anaspis flava
Anaglyptus mysticus Anaspis melanopa
Anostirus purpureus Cis boleti
Aulonothroscus brevicollis Clerus mutillarius
Cyclorhipidion bodoanus Corticeus unicolor
Ernoporicus fagi Cryptarcha undata
Hemicoelus fulvicornis Dasytes plumbeus
Hylecoetus dermestoides Dryocoetes villosus
Leiopus femoratus Hylis olexai
Litargus connexus Mycetochara maura
Megatoma undata Mycetophagus ater(*)
Phymatodes testaceus Oxylaemus cylindricus
Platycerus caraboides Paromalus parallelepipedus
Stenocorus meridianus Ptilinus fuscus(*)
Taphrorychus bicolor Rhagium bifasciatum
Tetratoma ancora Scolytus rugulosus
Vincenzellus ruficollis Thanasimus formicarius
Xyleborinus saxesenii Tritoma bipustulata
Xyleborus dispar Trypodendron signatum
Xyleborus dryographus
Only significant differences are shown (P-value < 0.001 after a
Bonferroni correction for 150 tests). Only species sampled in at least
10 plots and with more than 20 individuals were analyzed, with
generalized linear mixed-effect models and a binomial error distribu-
tion; ‘forest’ was a random factor. Bold indicates significant in occur-
rence, (*) indicates rare species.
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demonstrated that deadwood volumes are higher in wood-
land key habitats than in managed stands.
However, we showed that deadwood diversity only
increased slightly in L-UNH (partly due to the lack of large-
diameter logs in late decay stages). Nonetheless, in the data
compiled by Timonen et al. (2011), deadwood diversity was
much higher in woodland key habitats compared with
managed stands, probably partly because of an initial selec-
tion effect, that is deadwood in the selected plots when they
were selected as set-asides or as key habitats.
The difference between L-UNH and recently managed
plots may be more pronounced with respect to certain dead-
wood qualities, as suggested by Siitonen et al. (2000). In
their Finnish study in spruce forests, large dead coniferous
and deciduous trees were respectively 25 and 35 times more
abundant on average, in unharvested plots than in R-HAR
stands. Accordingly, we found a strong impact of harvesting
on large dead wood (downed and standing), with a ninefold
increase in large deadwood when harvesting is delayed for at
least 30 years. This increase in large deadwood was twice as
high as for total deadwood volume. Boncina (2000) and
Meyer & Schmidt (2011) also found a rapid accumulation of
standing deadwood from unmanaged to managed stands.
Nonetheless, more deadwood was found in longer-
established beech reserves (Christensen et al., 2005) and
in 60-year-old over-mature French coppices compared
with 20-year-old mature coppice (Lassauce et al., 2012).
Vandekerkhove et al. (2009) argued that full natural resto-
ration of deadwood characteristics (with virgin forests in
Central Europe as a reference) may be quite long. Further-
more, Larrieu, Cabanettes & Delarue (2012) showed that a
50-year period of non-intervention was too short to develop
complete stand maturity in beech-fir stands, even in highly
productivity contexts.
Like Bauhus et al. (2009), we were able to detect a list of
structural elements (deadwood, microhabitats, large trees)
which become significantly more frequent in unharvested
stands. We also showed, in accordance with the results
simulated by Ball, Lindenmayer & Possingham (1999), that
the increase in microhabitat-bearing tree density was weaker
than the increase in deadwood density. Reaching high levels
of microhabitat density requires time, since the probability
of microhabitat occurrence or the number of microhabitat
types increases with tree diameter (e.g. Larrieu et al., 2012).
In a simulation model, Ranius, Niklasson & Berg (2009)
pointed out the importance of tree age for cavity formation
on trees (see also empirical data in Gibbons, McElhinny &
Lindenmayer, 2010). Furthermore, Fan et al. (2003; 2005)
showed a higher frequency of cavity trees in 120-year-old
forests than in younger stands, and in old-growth than in
managed stands (like Bauhus et al., 2009). In our results, a
slightly higher density of cavity-bearing trees was measured
in L-UNH than in R-HAR plots.
Across our sampling design, L-UNH and R-HAR forests
did not differ in terms of stand openness, as the stands were
too young to be significantly impacted by canopy gap
dynamics. Gap dynamics is known to increase average sun
exposure in old-growth forests compared with managed
stands (Rugani, Diaci & Hladnik, 2013), and open forest
habitats are required by a large number of specialized
saproxylic species (Vodka, Konvicka & Cizek, 2009).
Effect of non-harvesting on saproxylic
beetle assemblages
In our study, the effect of non-harvesting on biodiversity
was slightly significant. The class of time elapsed since har-
vesting seemed to be important for 25% of the tested species,
but was not as important a variable as structural parameters
for saproxylic beetle assemblages in our data. Some guilds
and groups were positively influenced by non-harvesting
(mycophagous abundance and richness, saproxylophagous
and rare species abundance), but the relationship was weak
and clearly had less impact than deadwood features (see
Table 2 and Table 4). Many saproxylic species may simply
require a small amount of dead wood that is also available
in managed forests. Or structural changes in stand charac-
teristics may occur more quickly than the response of
saproxylic organisms. Delayed responses by saproxylic
beetle communities may be due to the limited ability, at least
for old-growth forest specialists, to colonize favorable sub-
strates (dispersal, habitat detection, etc.) and their density-
dependence in the colonization process. Local assemblages
may be deeply affected over the long term by historical
deadwood supplies (Hanski & Ovaskainen, 2002). Further-
more, population levels must reach minimum thresholds for
species to be detected. This interpretation is reflected in our
study: the two most typically influential variables for
saproxylic beetle richness – deadwood diversity and open-
ness – did not respond strongly to more than 30 years
without harvesting. Yet, deadwood diversity has been rec-
ognized as a key factor for saproxylic beetle diversity in
temperate deciduous forests (Bouget et al., 2013) and other
studies based on similar time frames have demonstrated
significant responses of saproxylic beetle diversity to setting
aside forest areas (Timonen et al., 2011; Lassauce et al.,
2013). However, Horák, Chobot & Horáková (2012) raised
the question of the status of the rare species pool, deeply
affected by commercial forestry in European multisecular
managed forests. In our study (Table 5), rare species were
more abundant (but not more species-rich) in forest reserves
than in managed plots (in agreement with previous results
by Lassauce et al., 2013 and Hardersen, 2003 in Germany).
We therefore hypothesize (1) that set-aside areas may act as
incubators for rare species found in neighboring managed
areas, or (2) that forest management reduces the amount of
habitats available to rare species and therefore their popu-
lations, without leading them to disappear or (3) that most
rare species have disappeared and only populations of a few
surviving species increase with the amount of dead wood.
To address these questions, it would be helpful to use very
old reserves as references for species distribution and abun-
dance. Considering the short set-aside period in our study,
saproxylic beetle assemblages were probably strongly influ-
enced by both initial forest conditions (pre-existing large
trees, beetle assemblages, etc.) and the spatial isolation of
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the plots. The comparison between managed stands and
set-asides should be deepened and a long-term monitoring
strategy put in place (Djupström, Weslien & Schroeder,
2008).
Implications for forest management
Extended rotations, harvesting delays and
reserves as conservation tools
In French forests, temporarily setting aside overmature
stands before final harvesting, that is creating ageing and
rotating islands (Lassauce et al., 2013), is one of the man-
agement tools proposed to maintain saproxylic biodiversity
associated with old successional stages. This approach aims
to conciliate both timber production and biodiversity con-
servation goals. Larger trees generally have higher economic
value while older stands have higher ecological value. We
have shown that even a short delay in harvesting (minimum
30 years) induced significant changes in habitat conditions
for saproxylic beetles, but only slightly affected saproxylic
beetle assemblages. Further studies with longer harvesting
delays would be necessary to analyze biodiversity responses.
If longer-term habitat continuity is necessary for saproxylic
beetle conservation, our results suggest that definitive strict
fixed-location reserves should be favored over rotating and
temporary set-asides. Moreover, the efficiency of ageing
patches as temporary ecological sinks or sources has yet to
be properly investigated.
Limits of management relinquishment and
non-intervention: toward active
restoration techniques?
Passive self-restoration of old-growth features through the
abandonment of forest activities in harvestable deciduous
stands takes time, at least for some features crucial for
species conservation (large deadwood, tree microhabitats,
etc.). Therefore, complementary active restoration tech-
niques may be suggested to enhance the recruitment and
accumulation of new substrates in conservation areas.
Keeton (2006) showed that, in conventional silvicultural
systems, active restoration is more successful in creating
old-growth features than is delaying harvesting. For
instance, standing dead trees, large downed deadwood and
tree cavities can be artificially generated using cost-effective
techniques like girdling trees, felling or pulling down large
trees to be left on the forest floor and mechanically damag-
ing tree trunks (with or without fungus inoculation). Cost-
lier experiments with extreme habitat restoration have even
been carried out in Italy (e.g. Cavalli & Donini, 2005).
Active restoration requires an in-depth understanding of
natural habitats to avoid structures inappropriate to
local biodiversity; Jonsell, Nittérus & Stighäll (2004), for
example, have underlined the differences between man-
made and natural deadwood habitats. In any case, since
most endangered saproxylic species have limited dispersal
ability (e.g. Buse, 2012), the proper spatial distribution of
created substrates is a prerequisite for effective restoration
programs. The ecological impacts of active restoration tech-
niques on biodiversity, but also on potential bark beetle
outbreaks, should be monitored (Toivanen & Kotiaho,
2010). Thus said, active techniques should at least be con-
sidered when the restoration process must achieve the
desired forest state within a relatively short time or when the
species at stake are threatened by external factors.
Conclusions
Our results did not strongly support recommendations
about extended rotations and reserve conservation in favor
of saproxylic biodiversity. The rationale behind it would
probably benefit from further studies in very old forest
reserves, although they are scarce in Western Europe. In one
of the study forests (Fontainebleau), despite a limited and
unbalanced sampling design, we divided the class of L-UNH
into old (> 30 years, n = 3) and very old (> 100 years, n = 9)
reserves. From our exploratory analysis, the deadwood
volume and diversity, the total beetle species richness, the
rare species richness or abundance were not significantly
higher in the older class. This trend deserves to be assessed
by other case studies.
Forest areas left unharvested for more than 30 years show
an accumulation of old-growth structures related to dead-
wood volumes and microhabitat diversity, but not deep
changes in saproxylic beetle diversity. Restoring the old-
growth-dependent community as a whole seems even slower
than restoring these structural features. As suggested by
Paillet et al. (2010), future work should examine the tempo-
ral effect of delayed harvesting at multiple time points on
the same study area in order to evaluate, using a regression
approach with the detailed time elapsed since harvesting, (1)
how stands recover old-growth forest attributes and (2) how
the associated saproxylic fauna colonize these set-asides in
the long-term.
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Abstract Deadwood-associated species are increasingly targeted in forest biodiversity
conservation. In order to improve structural biodiversity indicators and sustainable man-
agement guidelines, we need to elucidate ecological and anthropogenic drivers of sapr-
oxylic diversity. Herein we aim to disentangle the effects of local habitat attributes which
presumably drive saproxylic beetle communities in temperate lowland deciduous forests.
We collected data on saproxylic beetles in 104 oak and 49 beech stands in seven French
lowland forests and used deadwood, microhabitat and stand features (large trees, openness)
as predictor variables to describe local forest conditions. Deadwood diversity and stand
openness were consistent key habitat features for species richness and composition in
deciduous forests. Large downed deadwood volume was a significant predictor of beetle
species richness in oak forests only. In addition, the density of cavity- and fungus-bearing
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trees had weak but significant effects. We recommend that forest managers favor the local
diversification of deadwood types, especially the number of combinations of deadwood
positions and tree species, the retention of large downed deadwood and microhabitat-
bearing trees in order to maximize the saproxylic beetle diversity at the stand scale in
deciduous forests. To improve our understanding of deadwood-biodiversity relationships,
further research should be based on targeted surveys on species-microhabitat relationships
and should investigate the role of landscape-scale deadwood resources and of historical
gaps in continuity of key features availability at the local scale.
Keywords Microhabitat  Deadwood  Forest management  Biodiversity indicator 
Oak  Beech
Introduction
Deadwood is a key component of forest ecosystems that is among the most severely
affected by management in many landscapes (Fridman and Walheim 2000) and has
become a focal conservation target in sustainable management. Since deadwood is one of
the most species-rich components in forest ecosystems (Grove 2002a), saproxylic species
have become increasingly targeted in biodiversity conservation (Stokland et al. 2012).
Deadwood has often been used as a structural indicator for naturalness and biodiversity and
can provide information on the intensity of past human disturbances and degree of prox-
imity to old-growth conditions (Larsson 2001). To help define ecologically-meaningful
saproxylic-friendly practices for forest managers, we need to unravel the relative impor-
tance of ecological and anthropogenic drivers on saproxylic diversity.
Multiple factors play pivotal roles in predicting both the number and distribution of
saproxylic species. Species assemblage composition may result from (i) macro-ecological
features (distribution area, climate), (ii) environmental characteristics at the landscape
scale and at the local scale, (iii) historical events (past disruption of substrate availability,
local extinctions) and (iv) species interactions (competition, predation, interactive suc-
cession) (Stokland et al. 2012). Forestry practices act at the stand and the landscape scales.
Therefore the understanding of variables driving biodiversity at the stand scale seems
important to improve ecological sustainability of forestry.
Beetles are an important functional (Cobb et al. 2010) and numerical (20 % of all
saproxylic species, just after the fungi; Stokland et al. 2004) component of saproxylic
biodiversity. Since beetles belong to relatively well-known taxonomic groups, and since
most species are highly sensitive to environmental changes, have specific habitat demands
and can be trapped relatively easily, they are both logistically and ecologically suitable as
response indicators (Siitonen 2001).
At the local (stand) scale, habitat quality for saproxylic beetles is related to abiotic
conditions (e.g. moisture and temperature conditions related to canopy closure) and
available resources. Resources not only include deadwood substrates, but also more cryptic
biological legacies such as microhabitats (e.g. cavities, crown deadwood), mostly found in
large-diameter live trees (Larrieu and Cabanettes 2012; Winter and Mo¨ller 2008). Density
and/or diversity of resources may underlie the resource-biodiversity relationship. Forest
stands with a wider range of resources (resource range hypothesis) and/or a higher density
of substrates (resource concentration hypothesis) may be able to support a larger number of
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species due to demographic, stochastic and dispersal processes affecting local population
dynamics (Pa¨ivinen et al. 2003). Several studies have demonstrated a positive significant
correlation between the local amount of deadwood and saproxylic beetle species richness
(see Grove 2002a). Nevertheless, in a meta-analysis of available European data, Lassauce
et al. (2011) found only a weak relationship between deadwood volume and species
richness in temperate forests. Moreover, several studies have shown the diversity of
deadwood types, rather than mere deadwood quantity, to be a critical environmental
variable for saproxylic beetles (e.g. Brin et al. 2009; Stokland et al. 2004).
During the last few decades, research on saproxylic beetle habitat associations has been
common in Scandinavia (Stokland et al. 2012), but has received less attention in central,
western and southern Europe. By expanding this research to oak and beech forests, the two
main deciduous forest types in Europe, we aimed to better understand the surrogacy
patterns and environment-biodiversity relationships found there and to determine (i) rele-
vant structural indicators of saproxylic beetle diversity and (ii) improved guidelines for
sustainable forest management. We here mainly intended (i) to disentangle the effects of
local habitat attributes (abiotic conditions, density or diversity of resources) which pre-
sumably drive saproxylic beetle communities in deciduous forests, and (ii) check whether
key habitat features for saproxylic beetles are consistent over oak and beech forests.
Materials and methods
Study areas
We collected environmental and entomological data using standardized protocols on 153
plots in seven lowland deciduous forests (Table 1), distant of several hundred kilometers
from each other: one forest in western France (Chize), three in eastern France (Auberive,
Citeaux, Combe-Lavaux), one in central France (Troncais) and two in northern France
(Rambouillet, Fontainebleau). Two forest types were distinguished—oak and beech—
according to the dominant tree species in terms of basal area. All the beech stands were
associated with oak stands in the vicinity. Highland beech forests have been studied in a
companion study. Inside each forest, plots were distant of hundreds of meters from each
other and half of the plots were located in protected forest reserves (except in the Ram-
bouillet and the Troncais forest, where only 20 and 10 % were in reserve stands,
respectively).
Beetle sampling and identification, species characterization
Flying saproxylic beetles were sampled with two cross-vane flight interception traps
(PolytrapTM) per plot, set about 20 m from each other, for a total number of 306 traps. The
traps were suspended roughly 1.5 m above the ground. Active insects were collected from
April to August, during 1 year only. The following saproxylic taxa were not identified at
the species level in at least one of the seven forests and therefore removed from the
compiled dataset: Cryptophagidae, Ptiliidae, Staphylinidae incl. Scaphidiinae and Psela-
phinae. For the other taxa, we characterized each species’ degree of geographic rarity in
France according to the FRISBEE database (Bouget et al. 2010) and distinguished common
(abundant and/or widely distributed) and rare (not abundant and only locally distributed)
species of conservation concern for specific analyses.
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Live tree and deadwood measurements
Stands were surveyed to obtain estimates of wood volumes for live trees, snags, logs and
stumps and the basal area of live trees. Each plot, centered in the middle of both traps, was
approximately 0.3 ha in size. We used a combination of sampling methods: fixed-angle
relascope or circular plots for live trees; circular plots for stumps, large snags and large
logs; line intersect sampling for small logs. We took into account minimum diameters of
7.5 cm for live trees, snags and logs. Four variables were used to describe deadwood: tree
species, diameter (6 classes from 5 to[70 cm), decay stage (9 classes created by crossing
3 classes of remaining bark cover and 3 classes of inner wood hardness assessed by ‘‘knife
penetration test’’; Larjavaara and Muller-Landau 2010), and position (downed, standing,
stump). An index of deadwood diversity was calculated as the number of observed
deadwood types, i.e. the number of combinations of the above four variables (tree spe-
cies 9 diameter class 9 decay class 9 position), as suggested by Siitonen et al. (2000).
We also figured out a Shannon deadwood diversity index (Dodelin et al. 2004), accounting
for the individual density (i.e. its number of pieces), and not only the occurrence, of each
deadwood type. Based on these surveys, seven deadwood variables were considered for
analysis (Table 1): (i) total volume, (ii) volume ratio, (iii) number of deadwood types, (iv)
volume of standing deadwood, (v) volume of large standing deadwood ([40 cm in mid-
diameter), (vi) volume of downed deadwood, (vii) volume of large downed deadwood
([40 cm in mid-diameter).
The basal area of very large and largest live trees was calculated for each 0.3 ha plot.
The thresholds defining large trees were given by Grove (2002b), Larrieu and Cabanettes
(2012) and Nilsson et al. (2002).
Very large live trees (67.5\ dbh B 87.5 cm) and tree microhabitats were inventoried
during leaf-out in 1 ha circular plots centered around the two traps. We recorded seven
microhabitat types borne by live trees: (i) ‘‘empty’’ cavities, (ii) cavities with mould, (iii)
fruiting bodies of saproxylic fungi, (iv) sap runs, (v) dead branches, (vi) tree crown
deadwood, (vii) missing bark (i.e. hard patches of wood with no bark[600 cm2).
Microhabitats other than crown deadwood were only recorded when visible on the trunk
beneath and within the tree crown. Trees with more than one microhabitat of the same type
were counted only once, but trees bearing more than one microhabitat type were counted
once for each microhabitat type. The total density of microhabitat-bearing trees, the
number of microhabitat types and the individual densities of four microhabitat types
(i)‘‘empty’’ and mould cavities, ii) sporocarps of saproxylic fungi, iii) dead branches and
tree crown deadwood and iv) sap runs) were considered for analysis. Stand openness was
defined as the total proportion of open areas in a 1 ha plot.
Data analysis
We used deadwood, microhabitat and stand features as predictor variables to describe
forest conditions (Table 1), and species richness of rare and common species and species
composition (incl. singletons) as response variables to describe beetle assemblages. All
analyses were conducted on oak and beech datasets with R software v. 2.12.0. Since the
same set of environmental variables measured within the 0.3- and 1 ha plots was used for
both traps in the same plot, the catches of these two traps were combined prior to analyses
carried out at the plot level.
To rank the effects of environmental variables on variations in species composition, we
performed a Canonical Analysis of Principal Coordinates (vegan R-package, CAP,
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Anderson and Willis 2003). From Jaccard distance matrices, we carried out inertia parti-
tioning on all explanatory environmental variables, since co-linearity among predictor
variables is not considered to be a problem in CAP (Anderson and Willis 2003). We
calculated total constrained inertia, the constrained inertia which was not explained by
spatial factors only (NSCI), the total (intrinsic ? co-explained) inertia explained by each
variable (after partialling out the geographical ‘‘forest’’ effect), the marginal (intrinsic)
inertia explained by each variable (with all other variables partialled out before analysis),
the latter’s statistical significance by means of permutation tests (100 runs), and the relative
contribution of each variable to NSCI.
We assessed the multi-model-averaged estimates (Burnham and Anderson 2002)
determining the response of species richness to stand features. The most parsimonious
model had the lowest Akaike information criterion (AICc, Burnham and Anderson 2002).
For each response variable, we generated the null model and models with all the valid
combinations of two explanatory variables. We calculated the differences in the AICc
scores between each model and the best model (DAICc) as well as the Akaike weights for
each model. All models with DAICc\ 2 were used in order to figure out the model-
averaged estimates weighted by the model weights. Only significant variables (p\ 0.05
across all the models) were selected; their relative contribution, i.e. their weight of evi-
dence across all the models, was indicated (lme4, MuMIn, arm R-packages). Since co-
linearity among predictor variables may lead to unreliable parameter estimates, we con-
ducted the strategy suggested by Zuur et al. (2010) for addressing the multicolinearity
problem before model averaging. We sequentially dropped the covariate with the highest
variance inflation factor (VIF), then recalculated the VIF and repeated this process until all
VIFs were below a pre-selected threshold (Zuur et al. (2010) suggest a cutoff of 3). The
VIF represents the proportion of variance in one predictor explained by all the other
predictors in the model; a VIF = 1 indicates no co-linearity, whereas increasingly higher
values suggest increasing multicolinearity. We used the ‘‘vif.mer’’ function (Frank 2011) to
calculate VIFs for linear mixed effects models built using the lmer function in the ‘‘lme400
package (Table 2). Since the relationship between species richness and deadwood volumes
is better described by semi-log models (Martikainen et al. 2000), we used (log x ? 1)
transformed values for deadwood volumes. The effect on species richness of local dead-
wood diversity assessed by the simple index (number of deadwood types) or the Shannon
index (Shannon diversity index of deadwood types, taking the local density of each
deadwood type into account, using its number of pieces) was compared using AICc values
of each mixed model (with forest as a random factor).
Significant relationships in generalized linear models were searched for breakpoints in
species accumulation rates. Estimates of breakpoints were calculated by recursive parti-
tioning by means of maximally selected two-sample statistics (Hothorn et al. 2006). Only
primary and significant (p\ 0.001) breakpoints are reported here. Based on 5,000 boot-
strap samples, 80 % confidence intervals (to define ranges more tightly than 95 % CI) were
calculated for all breakpoints (party and boot R-packages). In comparison with other
models used in the study, this method does not allow to take the spatial structure of the data
(at least forest location) into account.
The diversity effect was partitioned into its four basic dimensions included in the
deadwood diversity index (diameter class, decay class, tree species, position). We analysed
whether any of these dimensions have an outstanding importance on species richness, by
comparing AICc values of linear mixed models (with forest as a random factor) including
all combinations of the 4 deadwood dimensions.
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The response to stand openness of the abundance of selected beetle species (caught in more
than 10 individuals occurring in more than 10 % samples) was analyzed using a Gen-
eralized Linear Mixed Model with a Poisson error distribution, and ‘‘forest’’ as a spatial
random effect (lmer function in lme4 R-package).
Results
Overall, the compiled dataset included 99 383 individuals and 478 saproxylic beetle
species, among which 377 common, 70 rare (15 % of the total number) and 31 undefined
species were recorded. On average per plot, rare species represented about 6 % of all
species and 6 % of all individuals. The mean numbers of common and rare species per plot
were greater in the oak than in the beech plots (49.7 ± 1.7 vs. 38.1 ± 1.9 and 3.5 ± 0.2
vs. 1.9 ± 0.1, respectively). Significant differences in several explanatory stand features
were measured between oak and beech plots (Table 1).
Response of species composition to stand features
Many factors were used to describe the saproxylic environment (deadwood, microhabitats,
large trees, stand openness) in order to identify the main local factors driving saproxylic
beetle diversity. In oak and beech data, environmental and spatial factors respectively
accounted for 45 and 52 % of variation in species composition. 31 and 23 % of the
constrained inertia was explained by the intrinsic site effect in oak and beech data.
In oak and beech forests, the openness, the microhabitat diversity, the deadwood
diversity and the basal area of very large trees made significant total contributions
Table 2 Variance inflation factor (VIF) of predictor variables selected in the linear mixed reduced models
of species richness (with forest as a random effect), to be used in the model averaging approach (after
sequential selection; Zuur et al. 2010), for addressing the multicollinearity problem
Predictor (covariate) Oak Beech
Deadwood diversity 2.26 2.24
Deadwood ratio 2.33
Volume of standing deadwood (logx ? 1) 2.79 2.41
Volume of large standing deadwood (logx ? 1) 2.70
Volume of downed deadwood (logx ? 1) 2.26
Volume of large downed deadwood (logx ? 1) 1.77
Density of very large trees 1.71
Basal area of largest trees 1.99 1.70
Density of cavity-bearing trees 2.34 2.34
Density of fungus-bearing trees 1.82 1.74
Density of deadwood-bearing trees 1.46 1.61
Density of sap-run-bearing trees 1.47 1.64
Microhabitat diversity 2.33
Openness 1.41 1.53
The VIF represents the proportion of variance in one predictor explained by all the other predictors in the
model. A VIF = 1 indicates no collinearity. All selected VIFs were below a pre-defined cutoff of 3 (as
suggested by Zuur et al. 2010)
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(marginal and joined) to inertia (Table 3). In the oak forests, microhabitat density also
provided a significant total contribution. In the beech forests, significant total contributions
were also provided by all the other deadwood descriptors (total volume, ratio, volumes of
standing, large standing, downed, large downed deadwood), the density of very large trees
at the 1 ha scale and the basal area of the largest trees. In oak, two environmental variables
(deadwood diversity and stand openness) had a significant marginal contribution to inertia
but only explained 3.5 and 3.9 % of the non-spatial constrained inertia, respectively. In
beech data, although a larger proportion of the inertia was explained by the environmental
predictors than in oak data, none of the tested environmental predictors made a significant
intrinsic contribution to inertia. In beech and oak forests, the density of cavity-, fungus-,
deadwood-, sap-run-bearing trees did not explain variations in species composition.
Response of species richness to stand features
From multi-model averaged estimates (Table 4), the stand openness was the main pre-
dictor of richness of common beetle species in oak and beech plots. The deadwood
diversity and the density of fungus-bearing trees had the highest positive impacts on rare
species richness in oak and beech forests, respectively. The more open the forest and the
higher the local number of deadwood types, the higher the number of common species
per plot in beech and oak forests, and the number of rare species in oak stands. In oak
stands, the number of common species also significantly increased with the volume of all
downed deadwood (the second best predictor after openness), and to a lesser extent, with
the volume of large downed deadwood, and with the density of fungus- and cavity-
bearing trees. Overall, the influential stand features were only partially identical for rare
and common species. The influence of the total volume of deadwood on the number of
species was not tested, since it was collinear with other predictors in the model
(Table 2).
Above the identified deflation breakpoints for significant variables, the number of
species per plot kept on increasing, but more slowly. The rate of increase in rare species
richness slightly slows down after the value of 1 fungus-bearing tree per ha in beech
forests, and after the value of 29 deadwood types in the surrounding 0.3 ha in oak forests.
The accumulation rate of common species slows down after a 17 % openness in oak stands
and a 2 % openness in beech stands. In oak forests, the number of common species
increased more slowly after the values of 11 deadwood types in the surrounding 0.3 ha, 1
fungus-bearing tree per ha, 46 m3 of downed deadwood per ha.
In both beech and oak plots, the effect of deadwood diversity on species richness was
partitioned into its four basic dimensions (diameter, tree species, decay, position [i.e.
downed, standing or stump]). We did not measure any sharp contrasts between AICc
values of linear mixed models including all combinations of the 4 deadwood dimensions
for common and rare species (Fig. 1). The full model was never the most parsimonious
model. The best model included (i) the number of combinations between positions and tree
species, and to a lesser extent simply the diversity of deadwood positions (DAICc = 1) for
rare and common species in beech forests, (ii) the diversity of tree species, and to a lesser
extent of diameter classes DAICc = 2) for rare species and (iii) the number of combina-
tions crossing tree species, diameter and decay stages for common beetle species in oak
forests. Although the most structuring deadwood dimensions for species richness were not
strictly consistent between oak and beech, and between common and rare species, the
number of tree species was generally outstanding (Fig. 1).
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Both deadwood diversity indices, the simple number and the Shannon diversity index of
deadwood types, were similarly correlated to the deadwood volume (Spearman rho = 0.48
for the simple index, rho = 0.49 for the Shannon index). In both beech and oak data, the
explanatory power of the Shannon model was only slightly better than the simple model
(DAICc = 4).
Response of individual species to openness
30 and 36 % of tested species (102 species in beech stands, 189 species in oak stands) had
a significant response to openness in beech and oak data, respectively (Table 5). In both
beech and oak data, 77 % of the significant species responses related to open-preferring
species, and only 23 % to shade-preferring taxa (whose abundance decreased with
increasing stand openness). Among open-preferring species, 30 % species were known to
have flower-visiting adults. Contrarily, we did not find any known flower-visiting species
among shade-preferring taxa. Only a few species displayed contrasting responses to
openness in oak and beech data (Table 5).
Fig. 1 Partitioning of the deadwood diversity effect on common and rare species richness into its four basic
dimensions (diameter class, decay class, tree species, position) and all their combinations in beech and oak
plots. All mixed models (with forest as a random factor) for all combinations of the 4 deadwood properties
were compared using AICc values. The four-set Venn diagram with simple ellipses displays all 24-1 = 15
possible areas created by the interaction of 4 sets. The Venn diagram was not scaled, i.e. the graphical size
of each intersecting or non-intersecting area is not proportional to the numerical AICc value. The best model
is underlined. a and b: oak forests, c and d: beech forests; a and c: common species, b and d: rare species
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Table 5 Response in abundance of selected beetle species to stand openness
Shade-preferring species Open-preferring species
Oak stands Beech stands Oak stands Beech stands
Anobium hederae***,
Hemicoelus
fulvicornis***, Isoriphis
melasoides***, Leiopus
femoratus***, Melasis
buprestoides*,
Mycetophagus piceus*,
Ochina ptinoides*,
Orchesia undulata*,
Pediacus
dermestoides***,
Tetratoma ancora***,
Vincenzellus ruficollis***,
Xyleborinus.saxesenii***
Aulonothroscus
brevicollis*,
Diplocoelus
fagi*,
Platystomos
albinus*
Abdera bifasciata**, Agrilus
sp***, Alosterna
tabacicolor*, Ampedus
cinnaberinus*, Ampedus
sanguinolentus**, Anaspis
fasciata*, Anaspis
frontalis***, Anaspis
melanopa***, Cis
boleti**, Clerus
mutillarius***, Clytus
arietis*, Colydium
elongatum***,
Cortinicara gibbosa***,
Cortodera humeralis***,
Cryptarcha undata***,
Cryptolestes duplicatus**,
Dasytes aeratus**,
Dasytes plumbeus***,
Dryocoetes villosus***,
Epuraea sp***, Gonodera
luperus***, Megatoma
undata**, Mycetochara
maura***, Mycetophagus
atomarius*, Pachytodes
cerambyciformis*,
Paromalus
parallelepipedus*,
Pediacus depressus*,
Placonotus testaceus***,
Plegaderus dissectus**,
Prionus coriarius**,
Ptinus bidens***, Ptinus
subpilosus*, Rhagium
sycophanta**,
Rhizophagus
bipustulatus*,
Rhizophagus
depressus***, Silvanus
unidentatus*, Stenurella
melanura***, Thanasimus
formicarius***, Triplax
lepida*, Tritoma
bipustulata***,
Tropideres albirostris***,
Xyleborus
dryographus***
Ampedus glycerus***,
Corticarina similata*,
Cyclorhipidion
bodoanus***, Enicmus
brevicornis***,
Glischrochilus
quadriguttatus*,
Laemophloeus
monilis***, Leptura
aurulenta**, Melanotus
villosus*, Microrhagus
lepidus***, Nemozoma
elongatum***, Platycerus
caraboides**, Stenocorus
meridianus***, Tomoxia
bucephala***
Hemicoelus costatus**, Trypodendron
domesticum**, Xyleborus dispar***,
Xylosandrus germanus***
Cerambyx scopolii***, Cetonia aurata***, Cryptarcha
strigata***, Dacne bipustulata***, Litargus
connexus***, Pyrochroa coccinea**, Scolytus
intricatus***, Taphrorychus bicolor***, Triplax
russica***, Valgus hemipterus**, Xyleborus
monographus***
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Discussion
Local ecological drivers of saproxylic beetle diversity in temperate deciduous forests
Stand openness, a key feature
To summarize, among the diverse features describing local forest conditions for saproxylic
beetles, both deadwood diversity and stand openness were consistent key habitat features
for species richness and composition in oak and beech forests. The more open the
deciduous forest, the higher the number of common species per plot in beech and oak
forests, and the number of rare species in oak stands. Variations in species composition
were mainly determined by the openness and the deadwood diversity in the oak plots, by
site and large tree predictors in the beech plots. Moreover, a high proportion of the tested
species displayed a significant response to openness (30 and 36 % in beech and oak data,
respectively). Our study confirms that canopy closure is clearly an outstanding attribute of
the surrounding environment for saproxylic (even rare) beetles (Stokland et al. 2012). We
here observed the same high proportion (77 %) of open-preferring species among signif-
icant species responses in oak and beech forests. This strong influence of openness on both
species richness and composition could relate (i) to an ecological complementation effect,
between neighboring deadwood for larvae and flowers for adults, (ii) to microclimatic
effects on sun-exposed substrates (and therefore habitat suitability of deadwood, fungi and
other microhabitats on trees), as demonstrated in temperate forests by Vodka et al. (2009),
and (iii) to thermodynamic effects on beetle activity, with more flying-active species in
open and sun-exposed environments. Concerning the first point, we respectively detected
30 and 0 % flower-visiting species among open- and shade-preferring taxa. Our analyses
also indicated that the accumulation rate of common species slows down after a 17 %
openness in oak stands and a 2 % openness in beech stands. Contrary to what we had
expected, we did not observe humpback curves with two breakpoints, i.e. a decrease in
richness after a second breakpoint due to the disappearance of species in extreme sun-,
wind- and light-exposed substrates. The potential influence of a trappability bias (window-
flight traps may be more efficient in open areas) has not been elucidated (Koch Widerberg
et al. 2012).
Table 5 continued
Shade-preferring species Open-preferring species
Oak stands Beech stands Oak stands Beech stands
Species with contrasting response in oak and beech data
Microrhagus pygmaeus*
Isoriphis marmottani***
Salpingus planirostris***
Ernoporicus fagi***
Hylecoetus
dermestoides**
Hylecoetus dermestoides*** Microrhagus pygmaeus***
Ernoporicus fagi***
Isoriphis marmottani***
Salpingus planirostris**
Only species caught in more than 10 individuals and occurring in more than 10 % samples were analyzed using
a Generalized Linear Mixed Model with a Poisson error distribution, and ‘‘forest’’ as a spatial random effect.
Only significant responses were displayed (*** p\ 0.001, ** 0.01[ p[ 0.001, * 0.05[ p[ 0.01). Species
with well-known flower-visiting adults (Bouget et al. 2010) were underlined
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Density and diversity of deadwood
Overall, deadwood diversity was actually a more consistent predictor of species richness
than deadwood ratio and downed or standing deadwood volumes. Its co-linearity with the
total deadwood volume (Spearman correlation = 0.49) prevents from disentangling their
relative effects. The deadwood diversity significantly affected the species richness in beech
and oak forests (as well as the species composition in oak forests). In other words, the
higher the local number of deadwood types, the higher the number of common species per
plot, and the number of rare species in oak stands. Our overall results confirm that the
diversity of deadwood substrates plays an outstanding role in saproxylic diversity, as
several previous studies have shown (e.g. Brin et al. 2009; Økland et al. 1996; Stokland
et al. 2004). A wider range of resources (i.e. more various types of resource present in
exploitable amounts) hosts more specialists and as many generalist species. Among the 4
dimensions describing deadwood diversity (position, decay, diameter, tree species), the
local number of (deciduous) tree species was a key element for species richness.
The deadwood ratio (the proportion of deadwood in total local wood volume, alive and
dead), accounting for the wide natural variability in deadwood amounts over space and time
due to the productivity of the forest and stand dynamics (Siitonen 2001), did not better fit the
relationship between deadwood amount and species richness than absolute deadwood volume.
Some studies have pointed out that the decline in deadwood quantity due to commercial
forestry is stronger for some deadwood types, mainly snags and large logs (Sippola et al.
1998). These two components are therefore particularly at risk in managed forests. It has
already been shown that oak and beech snags (Bouget et al. 2012; Brunet and Isacsson
2009) and large logs (Brin et al. 2011; Økland et al. 1996) are key deadwood types for
saproxylic beetles. In our study, the volumes of downed and standing deadwood did not
provide significant intrinsic contributions to assemblage composition in oak and beech
plots. The best models of species richness in lowland forests never included the standing
deadwood. However, it should be noted that, in a companion study (Bouget et al., in prep.),
the density of large standing deadwood was the second predictor of species richness in
highland beech forests. Deadwood drivers clearly depend on the forest context.
In oak stands, the number of common species also significantly increased with the
volume of all downed deadwood (the second best predictor after openness), and to a lesser
extent, with the volume of large downed deadwood, both being even more influent than the
deadwood diversity. Large deadwood volume did not affect the number of rare species,
even though certain rare species are known to be sensitive to large log volume (Siitonen
et al. 2000). Possibly the threshold we set for large deadwood ([40 cm), given for boreal
forests by Nilsson et al. (2002), was too low to reflect ecological processes or should be
modified for temperate contexts. Possibly species depending on large logs might be simply
missing in managed forests due to the scarcity of large deadwood pieces.
Tree microhabitats as key resources?
In addition to canopy closure and deadwood resources; microhabitat features, as newly
studied features, had weak but significant effects. The number of common species in oak
stands and rare species in beech forests significantly increased with the density of fungus-
bearing trees. Moreover the density of cavity-bearing trees had a slight positive impact on
the common species richness in oak stands. However, in beech and oak forests, the density
of cavity-, fungus-, deadwood-, sap-run-bearing trees did not explain variations in species
composition. The role of tree microhabitats for saproxylic assemblages remains
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insufficiently understood (Winter and Mo¨ller 2008). Several saproxylic beetle species are
known to be associated to cavities and tree holes (Ranius 2002), to sap runs (Yoshimoto
et al. 2005), to crown deadwood (Bouget et al. 2011) and lignicolous fungi (Jonsell and
Nordlander 2002). Microhabitats borne by live trees can occur in forests with a low total
amount of deadwood. In our data, the density and diversity of microhabitats on trees and
deadwood were not correlated.
Grove (2002b), Nilsson et al. (2002) and Ranius (2002) all suggested that the density of
large trees could be important for certain saproxylic beetle species, since the presence of
such trees reflects both habitat continuity and microhabitat supply. In our dataset, the
density of large trees actually only correlated to the density of deadwood-bearing trees, but
not to the density of cavity-, of fungus- and of sap-run-bearing trees. In our results, the
density or basal area of large or very large trees did not explain local species richness either
at a 0.3 ha scale or at a 1 ha scale. Nevertheless, variations in species composition were co-
determined by site and large tree predictors in the beech plots.
The weak relationships observed between microhabitats and beetle fauna may be
attributed to deficiencies (i) in beetle sampling and/or (ii) in the microhabitat surveys, and
(iii) to the strong co-linearity among microhabitat variables in the modeled data. In beech
data multiple joint effects between close variables or between environmental and spatial
variables, made it difficult to decipher influences. In interpreting the results, we conse-
quently should bear in mind that the present samples enable to reveal only strong effects.
First, our beetle dataset is based on two window-flight traps per plot, set up during 1 year
only. However, it has been demonstrated that the number of species detected at the plot
level could be deeply increased by year or trap replication (Parmain et al. in press). Since
the sampled assemblage may be poorly representative of the local fauna, it may weaken the
analysis of the species-environment relationships. Moreover, it should be underlined that
freely hanging window-flight traps are meant to catch active flying beetle species, and that
(mostly rare) microhabitat-specialists, e.g. cavity-specialists, are only occasionally caught
in these traps, unless a large sample size is set up. To study these groups, special kinds of
targeted surveys or trapping methods are needed (Ranius and Jansson 2002). Our con-
clusions regarding rare species should be considered cautiously, since it is well known that
(i) representative local catches of rare species require repeated sampling efforts (Marti-
kainen and Kaila 2004), and (ii) rare species dependent on higher amounts of deadwood are
difficult to model due to their low abundance in trap catches. Secondly, except for crown
deadwood, the microhabitats were only measured on trunks and on live trees. The real
density of cavities was probably underestimated, especially for oak with frequently-
occurring cavities on large low branches within the tree crown. The density of lignicolous
fungi, used as a proxy for fungal resources, was also undoubtedly underestimated since
only large fruiting bodies were surveyed and one fungus at most was recorded per tree in
the protocol. Moreover, the leaf cover may have hindered observations of microhabitats on
the trunk; this could also have contributed to an underestimation of their number. The
relationships between saproxylic and microhabitat diversity therefore require further
investigations though such tree microhabitat surveys may be costly.
Perspectives
Perspectives for bio-indicator validation
Deadwood has become a centerpiece for forest monitoring in Europe. Since assessing stand
structural elements is much faster and easier than inventorying species, deadwood is being
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widely used to indicate the conservation value of forests (Noss 1999). More precisely,
deadwood volume is considered to be an important indicator of forest biodiversity (Larsson
2001) and, as such, has been selected by the European Environmental Agency as an
assessment criterion for sustainable forest management practices (EEA 2007). However, a
validation of deadwood indicators at a wide geographical scale is still lacking (Stokland
et al. 2004). Large downed deadwood volume was a significant predictor of beetle species
richness in oak forests only. Deadwood diversity provided more consistent predictive
models of the local number of saproxylic beetle species than volume variables in deciduous
forests. In coniferous forests, deadwood diversity has also proven to be a better predictor of
species richness than volume (pine: Brin et al. 2009, fir and spruce: Bouget, pers. com.).
Using diversity variables can reduce the time spent sampling deadwood since presence/
absence data from each type category is sufficient (Brin et al. 2009). Other studies have
demonstrated that deadwood diversity is an efficient surrogate for many forest-dwelling
species presence, including taxa that are not directly dependent on deadwood (e.g. Fritz
et al. 2008). Finally, when we combined deadwood diversity and microhabitat diversity
(i.e. the number of both deadwood and microhabitat types) in a single additive index, there
was only a negligible increase in explanatory power on beetle species richness, compared
with deadwood diversity alone (from R2 = 0.33 to R2 = 0.34 in all deciduous plots). The
validation of ecologically-relevant indirect biodiversity indicators which are easy to survey
based on data from national forest inventories, would require further large-scale and multi-
taxonomic analyses. These features will also serve as criteria for more effective selection
of conservation areas.
Implications for forestry
Substantial evidence exists that commercial forestry has a negative impact on deadwood
quantity (Fridman and Walheim 2000). Several studies have reported that the diversity of
deadwood substrates is also altered by forestry (e.g. Ekbom et al. 2006). We found that
deadwood diversity is a consistent key factor for saproxylic beetle diversity; we therefore
suggest that forest managers favor the local diversification of deadwood types rather than
any given target volume (but see below in oak forests). From our analyses, deadwood
positions and tree species were key dimensions for the effect of deadwood diversity on
species richness; overall, the number of tree species was outstanding. In managed forests,
forestry is known to induce (i) a depleted local diversity of tree species in deadwood, due
to the counter-selection of many native tree species that are not considered economically
valuable, and (ii) a decreased local diversity of deadwood positions, mainly due to the
elimination of standing deadwood, perceived as a safety hazard (Bishop et al. 2009). It
therefore seems relevant to increase the number of combinations of positions and tree
species (except introduced exotic species) to favour the local species richness of saproxylic
beetles. Moreover, further ecological studies should pay more attention to mixed conif-
erous–deciduous forests.
Our statistical breakpoints of deadwood or microhabitat values in the accumulation rate
of species can not be translated into management targets as ecologically meaningful
aggregation of true species extinction thresholds. It should however be borne in mind that
threshold analyses did not consider the spatial structure of the data, despite the importance
of site effects. Nonetheless, they may inspire cost-effective management guidelines. For
instance, the efforts to retain just 1 fungus-bearing tree per ha would significantly increase
beetle species richness and would be cost-effective. In our data, the strongest increase in
rare species richness in beech forests and in common species in oak forests indeed occurred
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from 0 to 1 fungus-bearing tree per ha. The rate of increase in species richness actually
slightly slows down beyond the value of 1 tree per ha.In oak forests, an effort of downed
deadwood restoration up to the target of 50 m3 per ha would be efficient from an ecological
perspective (though a bit costly in terms of forestry benefits), since the number of common
species increased more slowly with deadwood volume beyond the value of 46 m3 per ha.
Nevertheless, it should be made clear that such quantitative deadwood targets would not
meet the needs of all species; deadwood-dependent species are extremely numerous, and
their deadwood requirements are species-specific (Mu¨ller and Bu¨tler 2010). Finally, since
stand openness strongly affected species composition, deadwood and microhabitats should
be managed both under closed-canopy and open conditions (Vodka et al. 2009).
Perspectives for further approaches
One shortcoming of most of the empirical studies on saproxylic organisms is that they are
typically conducted at a single, relatively small spatial scale. However, the probability of
occurrence of saproxylic beetles is known to increase with the amount of dispersal sources in
the surrounding landscape (e.g. Gibb et al. 2006).Moreover, habitat distributionmay bemore
important than habitat quality in fragmented forest areas (Brunet and Isacsson 2009) like the
temperate forests in Western Europe. One explanation for the lack of clear results on the
relationship between deadwood or microhabitat density and biodiversity may be that
resources have not been measured over an area large enough to reflect deterministic influ-
ences on local beetle assemblages, especially for aerially dispersing beetle species (Bishop
et al. 2009). To date, only a few studies have shown the positive effects of deadwood volume
on local saproxylic beetle species richness (Franc et al. 2007; Gibb et al. 2006; Økland et al.
1996) or deadwood-rich stands (Franc et al. 2007) in the surrounding landscape (from 100 m
to 1 km). Considering the effects of regional deadwood on local assemblages might make a
better spatial match between inventories and ecological processes (Turner and Tjørve 2005).
Even if stand specific deadwood thresholds supply some information about the local richness
and abundance of a species group, landscape-level deadwood thresholds would be necessary
when considering the viability of meta-populations (Ranius and Fahrig 2006).
Local assemblages may also be considerably affected by delayed effects of past gaps in
the continuity of the local deadwood supply, continuity which is critical for species long-
term persistence (Jonsell and Nordlander 2002). Including more data about the history of
deadwood availability would improve the explanatory power of assembly rules in sapr-
oxylic communities.
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Abstract: Increasing the density of natural reserves in the forest landscape may provide conservation benefits
for biodiversity within and beyond reserve borders. We used 2 French data sets on saproxylic beetle) and
landscape cover of forest reserves (LCFR) to test this hypothesis: national standardized data derived from
252 assessment plots in managed and reserve stands in 9 lowland and 5 highland forests and data from
the lowland Rambouillet forest, a forested landscape where a pioneer conservation policy led to creation of
a dense network of reserves. Abundance of rare and common saproxylic species and total saproxylic speciesQ3
richness was higher in forest reserves than adjacent managed stands only in highland forests. In the lowland
regional case study, as LCFR increased total species richness and common species abundance in reserves
increased. In this case study, when there were two or more reserve patches, rare species abundance inside
reserves was higher and common species richness in managed stands was higher than when there was a
single large reserve. Spillover and habitat amount affected ecological processes underlying these landscapeQ4
reserve effects. When LCFR positively affected species richness and abundance in reserves or managed stands,
>12-20% reserve cover led to the highest species diversity and abundance. This result is consistent with the
target of 17% forested land area in reserves set at the Nagoya biodiversity summit in 2010. Therefore, to
preserve biodiversity we recommend at least doubling the current proportion of forest reserves in European
forested landscapes.
Keywords: Forest management, habitat amount, spillover effect, SLOSS, temperate
Efectos del Disen˜o de Paisaje de las Reservas de Bosques Sobre la Diversidad de Escarabajos Saprox´ılicos
Resumen: El incremento de la densidad de reservas naturales en el paisaje boscoso puede proporcionar
beneficios para la biodiversidad dentro y ma´s alla´ de los l´ımites de la reserva. Usamos dos conjuntos de datos
franceses sobre los escarabajos saprox´ılicos y la cobertura de paisaje de las reservas de bosques (CPRB) para
probar esta hipo´tesis: los datos estandarizados nacionales derivados de 252 planes de evaluacio´n en puestos
manejados y de reserva en nueve bosques de tierras bajas y en cinco de tierras altas y los datos del bosque
de Rambouillet de tierras bajas, un paisaje boscoso en el cual una pol´ıtica pionera de conservacio´n llevo´
a la creacio´n de una densa red de reservas. So´lo en los bosques de tierras altas, la abundancia de especies
saprox´ılicas raras y comunes y la riqueza total de especies saprox´ılicas fueron mayores en las reservas de
bosques que en los puestos manejados adyacentes. En el estudio de caso regional de los bosques de tierras
bajas, conforme incremento´ la CPRB, incremento´ la riqueza total de especies y la abundancia de especies
comunes en las reservas. En este estudio de caso, cuando hubo dos o ma´s parches de reserva, la abundancia
de especies raras dentro de las reservas fue mayor y la riqueza de especies comunes en los puestos manejados
fue ma´s alta cuando hubo una sola reserva grande. El derrame y la cantidad de ha´bitat afectaron a los
procesos ecolo´gicos subyacentes a estos efectos de reserva de paisaje. Cuando la CPRB afecto´ positivamente a
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la riqueza y a la abundancia de especies en las reservas o en los puestos manejados, >12-20% de la cobertura
de la reserva llevo´ a una diversidad y una abundancia de especies ma´s alta. Este resultado es consistente con
el objetivo fijado en la cumbre de 2010 en Nagoya de 17% de a´rea de suelo boscoso en las reservas. Por esto,
para preservar la biodiversidad, recomendamos por lo menos duplicar la proporcio´n actual de reservas de
bosque en los paisajes boscosos de Europa.
Palabras Clave: bosque templado, cantidad de ha´bitat, efecto de derrame, manejo de bosques, SLOSS, umbral
Introduction
Strategies to slow biodiversity loss include the setting
up of networks of protected areas. For many years, biolo-
gists have discussed the optimal design of nature reserves
(minimum size, distribution, density, total surface area)
(Meffe & Carrol 1997). The amount of protected habi-
tat in managed territories however remains restricted
by human land use. Reserves would be more efficient
if their conservation benefits extended into surrounding
unprotected habitat. As a result of within-patch dynamics,
reserves are thought to support an increased density of
species, leading to a “spillover” (Gell & Roberts 2003) of
these species into the surrounding stands. The density
of reserves in the landscape may also affect species
richness in the reserves themselves. The habitat-amount
hypothesis predicts that species richness in equal-sized
sample sites in reserve areas increases due to the to-
tal amount of reserve habitat in the surrounding land-
scape rather than increasing connectivity between re-
serve patches (Fahrig 2013). In addition to the question
about reserve proportion effects at the landscape level
on species biodiversity, the spatial organization of re-
serves is still debated. The same amount of reserve can
be configured two ways: single large or several small
reserve patches (Meffe & Carrol 1997). Both strategies
seem useful, depending on the context (Tjørve 2010).
Most, if not all, European forests have been anthro-
pogenically disturbed for several thousand years and
have been affected by this disturbance in extent, struc-
ture, and composition (Parviainen et al. 2000). Current
managed forests differ greatly from pristine forests. For-
est preservation is rooted in the protection of forests
for aesthetic reasons (e.g., preservation of the famous
Fontainebleau forest in the middle of the 19th century)
(Koop 1989). In France the first official and strict forest re-
serves for nature conservation were created in the 1950s,
but many were established quite recently (Table 1).
Nonetheless, some plots inside reserve areas have been
unharvested for longer than others (although data on the
last timber harvests are mostly unavailable). For instance,
the Chene Brule and the Gros Fouteau reserves in the
Fontainebleau forest were created in 1953 and 1970, re-
spectively. Within these reserves, some core areas have
not been harvested since 1861. General forest depletion
due to worldwide forestry practices threatens deadwood-
associated (i.e., saproxylic) species. Forest reserves
harbor higher densities of old-growth structures, such
as old trees and deadwood, that are favorable to saprox-
ylic organisms than harvested forest matrix (Bouget et al.
2014).
In fine-grain managed forests in Western Europe, for-
Q5
est reserve patches) are often small and scattered in the
landscape, which reduces local saproxylic population
sizes and impedes their dispersal (Tscharntke et al. 2002).
Benefits of reserves for biodiversity within and beyond
reserve boundaries may be assessed by measuring biodi-
versity variations along two gradients of habitat isolation:
distance to neighbouring reserves and density of reserves
in the surrounding landscape. There is a significant pos-
itive effect of neighbouring old-growth stands on bio-
diversity in terms of surrounding reserve density (Gibb
et al. 2006; Franc et al. 2007; Abrahamsson et al. 2009;
Olsson et al. 2012) and in terms of linear distance (Mc-
Geoch et al. 2007; Brunet and Isacsson 2009; Rotheray
et al. 2014). We used the proportion of reserves within
a forest landscape, hereafter called landscape cover of
forest reserves (LCFR), as a predictive variable rather
than distance to the nearest neighbouring habitat patch
(following Moilanen & Nieminen 2002). The fact that
Fahrig (2013) questioned whether connectivity beyond
habitat amount has an effect in terrestrial ecosystems
also supports our choice of LCFR instead of connectiv-
ity measures. We hypothesized that species richness or
abundance in harvested areas is greater when LCFR is
relatively higher in the surrounding landscape. Highland
forests are more difficult and expensive to harvest than
lowland forests and have a high quantity of deadwood
(Seibold et al. 2015) relative to lowland forests, where
the difference between reserves and harvested stands is
sharper. As a consequence, we expected less of an effect
of LCFR on species richness or abundance in managed
areas surrounding highland than lowland reserves. Simi-
larly, effects of habitat amount may be stronger in lowland
than in highland forests.
We analyzed saproxylic beetle data from 14 French
temperate forests to address the following five questions:
In accordance with our hypothesis, is reserve cover in the
surrounding forest landscape a significant factor in pre-
dicting variations in local species richness on harvested
plots? In compliance with the habitat amount hypothesis,
does reserve cover in the surrounding landscape signifi-
cantly affect local species richness in the reserves them-
selves? Are both effects lower in highland forests? Are
Conservation Biology
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Table 2. Summary of spatial scale models of the effects of forest reserve area on richness of common beetle species and on richness and abundance
of rare beetle species.a.
Lowland Highland
Data set MAN RES MAN RES
SRtotd ns ns 2500 m (+c)∗ ns
SRcom ns ns Ns ns
National data set (ya+b) b forest reserve surface Abcom Ted 2500 m (-d)∗∗ ns 2500 m (+)∗∗∗ ns
SRrar Ns ns ns ns
Abrar Ns ns T 2500 m (+)∗ ns
Regional case study (ya+b+c) forest reserve surface SRtot Ns T 2500 m (+)∗∗ NA NA
SRcom Ns ns NA NA
Abcom Ns T 2500 m (+)∗∗ NA NA
SRrar Ns ns NA NA
Abrar Ns ns NA NA
SRtot T 2500 m (+)∗ ns NA NA
SRcom Ns ns NA NA
Nb patches Abcom Ns ns NA NA
SRrar Ns ns NA NA
Abrar Ns 2500 m (+)∗ NA NA
aThe significance of the models is indicated after the best spatial scale effect (∗p = 0.05;∗∗p = 0.001; ∗∗∗p<0.001. Abbreviations: MAN, managed
plots; RES, reserve; T, detection of a threshold; SRcom, richness of common species; SRrar, richness of rare species; Abrar, abundance of rare
species; SRtot, total species richness y = c(SRcom or SRrar or Abrar);
by = c(SRcom or SRrar or Abrar). Variables: a, deadwood volume; b, forest reserve surface area; c, number of patches.
cPositive effect of b or c on y.
dNegative effect of b or c on y.
common or only rare species affected by reserve cover in
the surrounding landscape (i.e., are rare species possibly
more sensitive to the distribution pattern of reserves)?
Does the number of reserve patches affect local species
richness after accounting for the effects of reserve cover
(in the lowland regional case study only)?
Methods
Study Sites
We set up 252 plots (111 plots in forest reserves and
Q6
141 in managed stands) in mature forest stands (at least
Q7
100 years old), dominated by spruce, fir, beech, or oak,
in 14 French forests (9 lowland and 5 highland forests)
(Table 1). All study forests included managed and reserve
plots. Among our study sites, the Rambouillet forest is
a special case. Certain conservation measures were pi-
oneered in this 22,000-ha state oak forest in northern
France, 50 km west of Paris. The forest currently in-
cludes a functional network of forest reserves that have
remained unharvested for more than 80 years. The Ram-
bouillet forest was studied by the GNB (2012) and RESINE
(2006-2007) projects; the latter had a denser sampling
design.
Beetle Data
Flying saproxylic beetles were sampled with two un-
baited cross-vane flight interception traps (PolytrapTM,
E.I. Purpan, Toulouse, France) per plot. Traps were
suspended roughly 1.5 m above the ground and set
about 20 m apart, except for the Bois du Parc and
Haut-Tuileau sites, where only one trap per plot was
set. A total of 478 traps were set. Active insects
were collected from April to August (see Table 1 for
sampling years). In the approximately 50 recorded
families, we distinguished rare and common species
in France according to the FRISBEE database (http://
frisbee.nogent.cemagref.fr/index.php/en/). We based
commonness and rarity on geographic range and local
abundance (Rabinowitz 1981). Rare species had a narrow
range and abundance that was somewhere large or had
a wide range and abundance that was small everywhere.
Common species had a wide range and abundance that
was somewhere large. The resolution of species iden-
tification was higher for the detailed regional data set
than for the 14 other standardized data sets. In the stan-
dardized low-resolution beetle data set, we considered
only the families systematically identified at all sites. We
had a more specific objective (see below) with the high-
resolution regional data set and analyzed it separately.
We examined 5 response variables for each trap: to-
tal raw species richness (SRtot), common and rare raw
species richness and abundance (SRcom, Abcom, SRrar,
and Abrar respectively). Species richness was not stan-
dardized using abundance values.
Landscape and Environmental Data
While studying landscape effects on oak saproxylic bee-
tles from the local to the large scale, Bergman et al. (2012)
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found the 2300-m scale to be outstanding. We used a
geographic information system (ArcGIS version 10.2) to
quantify the proportion of forest area set aside as forest
reserves within 2500 m of each plot (buffer zones). To
avoid an artificial increase in LCFR values due to non-
forest areas in the surrounding landscape, no plots were
set near an external forest edge. In all our other studyQ8
sites, only 1 or 2 reserves patches were available. In con-
trast, for the Rambouillet forest, over 10 reserve patches
were available, which allowed us to analyze the number
of reserve patches.
We computed the number of forest reserve patches in-
side each buffer in only the regional case study. We used
deadwood volumes for each plot published in Bouget
et al. (2014).
Data Analyses
Two data sets were available for analysis: a nationally
compiled, standardized data set with lower taxonomic
resolution for beetles but a larger overall sample size,
broader landscape coverage, including both lowland and
highland forests, and more regional replicates and a de-
tailed regional case study of the single lowland Rambouil-
let forest, which offered high-resolution beetle data and
had more, though more locally specific, reserves in the
forest mosaic landscape (fewer replicates).
With the national data set, we performed separate
analyses for lowland and mountain sites due to differ-
ences in the mean specific richness per trap and po-
tential divergences in average management history. To
account for between-trap differences due to local within-
plot contrasts in resource availability, we included the
local deadwood volume as a primary covariate in the an-
alytical models. Depending on the distribution pattern of
response variables, we used linear (lmer) or generalized
linear (glmer, family = Poisson) mixed models. Forest
was a random factor in all mixed models. An observation-
level random effect was added in the generalized linear
mixed models to account for data overdispersion. The ef-
fects of LCFR on beetle response variables were assessed
at the 2500-m scale in harvested and in reserve stands
with a likelihood ratio test between the models with and
without the predictor.
In the regional case study, we used glmer models with
LCFR and the number of reserve patches as additive ef-
fects and deadwood volume as a primary covariate. The
number of reserve patches and LCFR were not signifi-
cantly correlated (Pearson r = 0.06). We used likelihood
ratio tests to assess the significance of ecological effects
between models.
We used recursive partitioning (Hothorn & Zeileis
2008) to search for thresholds in LCFR in the significant
models. One or more critical thresholds are derived from
estimates of breakpoints revealed in maximally selected
two-sample statistics. The validity of the thresholds was
assessed with multiple tests. Based on 1000 bootstrap
samples, a confidence interval (95% CI) was calculated
for all thresholds. Significance for thresholds was set at
p<0.01. Each of the 2 subsets separated by a threshold
analysis had to contain at least 8 samples for the threshold
result to be kept.
All analyses were carried out with R (version 3.1.0)
(R Core Team 2013) software.
Results
The compiled standardized data set included 460 species
and 179,237 individuals (Supporting Information), and
the detailed regional data set had 335 species and
137,154 individuals. On average, the deadwood volume
per plot was 2.7 higher in reserves than in harvested plots
(Table 1). In agreement with our hypothesis, the contrast
in deadwood volume between reserve and harvested ar-
eas was lower in highland (2.3 times) than in lowland
(2.9 times) forests. In reserve and in harvested plots, av-
erage deadwood volumes were higher in highland (66.4
m3/ha and 35.2 m3/ha, respectively) than in lowland
forests (51.6 m3/ha and 17.8 m3/ha, respectively).
Response of Beetle Assemblage to LCFR
In managed highland stands, the total species richness
increased as LCFR increased; no threshold could be iden-
tified for this slightly significant relationship (Fig. 1a). The
LCFR also contributed significantly to local variations in
rare species and common species abundances (Fig. 1b
and 1c). The abundance of rare species was positively
affected by an increasing LCFR, and the forest reserve
threshold value was 11.8% (CI 2.7-13.7) within the 2500-
m buffer (Fig. 1b). The slope of the individual accumu-
lation rate was steeper beyond the detected threshold
point. This pattern was observed for all thresholds we
detected.
In lowland managed stands at the national level, neither
total species richness nor rare species abundance and
richness significantly responded to variations in LCFR.
The increasing LCFR however had a significant negative
effect on common species abundance in lowland har-
vested stands. Similarly, in lowland harvested stands of
the regional case study, the relationships between beetle
assemblage metrics and LCFR were not significant. How-
ever, after taking LCFR into account, an increase in the
number of reserve patches positively affected the total
number of species in managed stands within the 2500-m
buffer. The total species richness was amplified beyond
the threshold value of two reserve patches in the 2500-m
buffer (CI 1–3; Fig. 1d).
No response of total species richness to variations
in LCFR was observed in highland reserves. Moreover,
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Figure 1. Response of beetle diversity and abundance in harvested forest plots to (a-c) the proportion of reserve
forest in the landscape and to (d) the number of reserve patches in the surrounding landscape (2500 m scale)
([a-c], highland forests; [d], lowland regional case study (covered by axis labels); abundance, mean values per
trap; dashed lines, linear species accumulation rate; vertical dashed lines threshold [T] of proportion of reserve
forest or number of reserve patches after which the species accumulation rate significantly changes; continuous
lines, species accumulation rate before and after threshold; ∗ p = 0.05; ∗∗∗p = 0.001; shaded areas, SD of
accumulation rate curves, which are represented on global species accumulation rate when there is no threshold
and on species accumulation rate before and after threshold lines when there is a threshold.
neither rare nor common species in reserve plots were
affected in abundance or richness by variations in LCFR.
The saproxylic beetle species response to LCFR in
lowland reserves differed from the response in highland
reserves. Variations in LCFR did not significantly affect
saproxylic beetle biodiversity in lowland reserves at the
national scale. In contrast, in the regional case study,
an increase in LCFR enhanced the total species richness
and the abundance of common species in reserves in the
2500-m buffer . Both effects were even stronger beyond a
threshold value of 20.0% (CI 20.0-20.9 for SRtot and 20.0-
20.1 for Abcom) of LCFR (Fig. 2a and 2b). The number of
reserve patches in the 2500-m buffer also significantly
affected the abundance of rare species, although no
threshold value was detected in this relationship (Fig.
2c). The number of surrounding reserve patches had
no significant effect on total, common, or rare species
richness in reserve plots.
Discussion
Potential Spillover Effect
Even though our sampling scheme was not experimen-
tally designed to test for spillover effects, we did find
that landscape reserve design benefitted biodiversity
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Figure 2. Response of beetle diversity in reserve plots (habitat amount hypothesis) to (a,b) the reserve proportion
and the (c) number of reserve patches in the surrounding forest landscape (2500 m scale) in the lowland
Rambouillet forest case study ([a], total species richness; [b], abundance of common species; [c], abundance of rare
species; dashed lines, linear species accumulation rate; vertical dashed lines threshold [T] of proportion of reserve
forest or number of reserve patches after which the species accumulation rate significantly changes; continuous
lines, species accumulation rate before and after threshold; ∗p = 0.05; ∗∗p = 0.01; shaded areas, SD of
accumulation rate curves, which are represented on global species accumulation rate when there is no threshold
and on species accumulation rate before and after threshold lines when there is a threshold).
beyond reserve borders. These results may be related
to the higher ecological quality of the reserves relative
to the harvested areas. On average, the deadwood vol-
ume per plot was far higher in reserves than in harvested
plots.
The spillover effect is conceptually close to the spatial
Q9
mass effect (Shmida & Ellner 1984), which is based on
the assumption that a species can occur in low-quality
habitat, despite low reproductive success and fitness,
thanks to the influx of propagules from a source popula-
tion living in a nearby habitat of higher quality (Shmida
& Ellner 1984). Due to its heuristic value in conserva-
tion ecology, the model has been extended from single
species to species communities: spillover should cause
species enrichment around reserves that host large num-
bers of species. Spillover effects were initially studied in
marine ecosystems (McClanahan & Kaunda-Arara 1995)
and have only recently been documented for insects
in terrestrial ecosystems, from natural habitats to crop
plantations (Lucey & Hill 2012) and from early to late
mass-flowering crops (Riedinger et al. 2014). Reserve ar-
eas, thanks to their higher-quality habitat (Bouget et al.
2014) and larger populations, (edit may have changed
meaning, but original was unclear) may be converted
into nurseries for saproxylic beetle species, which may
enable more dispersers to emigrate to nearby harvested
stands. Landscape effects on the survival probability of
individual species - and consequently on the local number
of species persisting in matrix habitats - may be related
to metapopulation processes, with recolonizing events
counterbalancing local extinctions in fragmented land-
scapes (Hanski & Gagiotti 2004). Having more reserves
inside a landscape buffer also improves connectivity and
facilitates exchanges of individuals and species among re-
serve patches, thereby causing a connectivity-enhanced
spillover effect. From Ranius et al. (2011), conserva-
tion efforts (e.g., restoration of favourable substrates for
saproxylic target species) should focus on sites where
colonisation is more likely.
The importance of the surrounding landscape for local
species richness, here attested to in highly fragmented
temperate forests in Western Europe, is in line with
suggestions by Lassauce et al. (2011) and Bouget et al.
(2013), who both demonstrated that local saproxylic bio-
diversity is not strongly driven by the quantity of locally
available deadwood substrates. Even in boreal contexts,
the structural and compositional habitat heterogeneity at
the landscape scale contributes to a large degree to beetle
richness patterns (Janssen et al. 2009).
Our hypothesis assuming a stronger spillover effect
in lowland forests was proven invalid. Contrary to our
expectations, the significant effect of LCFR on species
richness or abundance in managed areas surrounding
reserves was actually observed only in highland forests.
However, in line with our hypothesis, average differences
in deadwood volume between reserve and harvested ar-
eas were lower in highland than in lowland forests. Find-
ings from a companion study also demonstrated fewer
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differences between reserves and harvested stands rela-
tive to old-growth conditions (e.g., number of large live
trees) in highland than in lowland beech forests (Pernot
et al. 2013). Due to overall topographical constraints,
forestry is generally more extensive in highland than
in lowland forests. Less frequent harvests and continu-
ous forest cover, associated with uneven-aged forestry
in highland forests, is likely to only slightly affect the
density of old-growth structures in managed areas relative
to intensive lowland management (Lafond et al. 2014).
Throughout our sampling design, highland forests also
had a large quantity of deadwood substrates in harvested
areas (see also Seibold et al. 2015). Both in reserves
and in harvested plots, average deadwood volumes were
higher in highland than in lowland forests. The better
past habitat continuity in highland than in lowland re-
serves, or in the regional case study than in other lowland
sites, could strengthen their current spillover effect. An
enhanced spillover effect from highland forest reserves
is also in line with another finding. We demonstrated
that the deadwood-biodiversity relationship is stronger
under colder conditions (Lassauce et al. 2011, Mu¨ller
et al. 2015). Among lowland sites, the regional case study
is special because reserves there have been established
mainly based on their conservation value (i.e., on sites
with high substrate continuity in the past). No historical
data are available to support this point.
Also contrary to one of our hypotheses, significant ef-
fects of increasing LCFR were observed on rare but also
on common species (in abundance). From our results
in managed highland temperate forests, reserves acted
as source areas for both common and rare saproxylic
species. Hja¨lte´n et al. (2012) underlined the importance
of reserves for maintaining viable populations of rare red-
listed species in boreal forest landscapes.
Not all saproxylic beetle species favoured habitat con-
ditions in forest reserve patches. Some substrates, such
as fresh deadwood, are promoted by forestry and are less
available in landscapes where the reserve cover is high. In
lowland forests at the national level, increases in LCFR led
to decreases in common species abundance in harvested
stands. We observed that bark beetles associated with
fresh deadwood were mainly responsible for peaks of
common species abundance in landscapes with a low
reserve cover.
Habitat Amount Effect
The increasing LCFR in the 2500-m buffer did not affect
biodiversity in the reserves in the national lowland or
highland datasets, but it significantly increased (?) com-
mon species abundance and total species richness in the
lowland regional case study. This positive influence on
biodiversity in reserves of increasing reserves in the sur-
rounding landscape is in line with the habitat amount
hypothesis (Fahrig 2013). Contrary to expectations, this
habitat amount effect on biodiversity in reserves was not
stronger in lowland than in highland forests or stronger
for rare than for common species. But in agreement with
our hypothesis, only rare species (in abundance) were
positively and significantly affected by the number of
patches in the regional case study.
Response Thresholds to the Proportion of Reserves
Habitat thresholds may help managers define targets for
conservation (Mu¨ller & Bu¨tler 2010). We identified and
showed the importance of non-linear relationships be-
tween landscape patterns and beetle assemblage metrics.
We included the reserve-and-managed paired configura-
tion of our sampling design in our modeling approach
(with a “forest” random effect) but did not account for
detailed spatial autocorrelation between plots inside each
forest. All detected values were low thresholds (i.e., min-
imum values beyond which benefits for biodiversity con-
servation strongly increased). In all cases, the species or
individual accumulation rate strongly increased beyond
the threshold value. These thresholds correspond to the
amount of habitat below which fragmentation may af-
fect population persistence (Andre´n 1994). Threshold
values could be more accurately defined with larger data
sets. Larger dedicated data sets would make the range of
studied LCFR values more continuous. The LCFR values
between 25% and 40% were not available in the 2500-m
buffer in the lowland regional case study. The signifi-
cant threshold values we detected were higher than 10%
of habitat. These threshold effects were demonstrated
for beetle assemblage metrics in reserves and harvested
plots. The abundance of rare species in highland har-
vested areas increased greatly beyond 12% LCFR. Total
species richness and abundance of common taxa in re-
serves increased beyond 20% LCFR in the lowland re-
gional case study. Gustafsson et al. (2012) suggest that
amount of favorable habitat within a production forest
should be above 5–10% to achieve an ecological enrich-
ment. Several authors advocate conserving 20–30% of
high-quality habitat for biodiversity conservation at the
landscape scale (Andre´n 1994, Nilsson et al. 2001, Wik-
tander et al. 2001). Because extinction thresholds dif-
fer widely among species (Holland et al. 2005), distinct
thresholds in habitat availability at the species assemblage
level would be difficult to determine (Ranius & Fahrig
2006). From our results, but contrary to the hypothesis,
threshold values were lower for rare than for common
species. High values of landscape reserve cover are likely
to encompass most saproxylic species’ habitats.
The threshold values we detected among landscape-
biodiversity relationships, from 12% to 20% of reserve
cover in the landscape within the 2500-m buffer, are
consistent with the target of reserving 17% of forested
land area for conservation purposes, set at the UN biodi-
versity summit in Nagoya in 2010 (Hanski 2011). Such a
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target is nonetheless ambitious compared with the cur-
rent proportion of forest reserves across Europe: 7.6% on
average (Parviainen et al. 2000) and ranging from 1.2%
of the total forest cover in France to 24.0% in Spain.
Only Spain, Denmark, and Hungary have a proportion of
protected forests that slightly exceeds 20%. From 2000
to 2011, public forest surface area increased from 1.2% to
6.7% (ONF 2011). Fortunately, a large proportion of pri-
vate forests in France, with their fragmented ownership,
has been left unmanaged and unharvested; these patches
act as unofficial passive reserves. From Bu¨cking (2003),
recommendations should be made not only on threshold
area (reserve cover percentage) but also on threshold size
and threshold numbers to optimise European protected
forest networks.
Reserve Design and SLOSS
Our results from the lowland regional case study pro-
vide important information about the spatial design of
reserves, a recurrent issue in biodiversity conservation
(Lindenmayer et al. 2015). Within the 2500-m buffer,
several small reserves more efficiently increased beetle
species richness outside the reserves than did a sin-
gle large reserve. This effect was amplified beyond the
threshold value of two reserve patches. In the reserves
themselves, an increasing number of patches in the sur-
rounding landscape improved rare species abundance.
In the SLOSS debate (single large or several small),
many authors conclude that large reserves generally are
better for biodiversity conservation than small reserves
(Meffe & Carrol 1997). Nevertheless Schwartz (1999)
and Go¨tmark and Thorell (2003) emphasize the value
of small reserves (higher quality remnants, more con-
nected), especially in highly fragmented landscapes that
are strongly dominated by anthropic uses (agriculture,
forestry, urbanization), where large connected reserves
are difficult to establish. The lifeboating function of re-
serves is improved by small and more numerous reserves,
whereas habitat quality is relatively high where there are a
few large reserves that are relatively less affected by edge
(Lindenmayer et al. 2015). Results of field studies differ,
underlining the need for individual case studies to deter-
mine the best local strategy (Tjørve 2010). Metapopula-
tion models from Ranius and Kindvall (2006) show that
a few large forest reserves are more efficient than many
small reserves in unharvested forests, but many small for-
est reserves are more efficient than several large reserves
in harvested forests. Some studies offer guidelines for the
minimum size of unharvested patches required to host a
maximum diversity of substrates, for example, at least 20
ha for tree microhabitats (Larrieu et al. 2014) and at least
2 ha for deadwood types (Jakoby et al. 2010). In line with
our findings, Ovaskainen (2002) suggest several large for-
est reserve patches in the landscape are more valuable
for strengthening forest species metapopulations (e.g.,
saproxylic beetle populations, than one single reserve
patch).
It should be borne in mind that criteria such as patch
shape, edge length and contrast, connectivity, and cor-
ridors also determine reserve conservation value and
that selection criteria in any forest conservation strat-
egy should consider not only conservation value but also
management costs. Large ecological reserves may be eas-
ier to protect from an organizational perspective. Con-
versely, single, large ecological reserve units are rarely
comprehensive in terms of habitats, nor are they repre-
sentative of all elements of biodiversity. Forest managers
may therefore be better off protecting a wider range
of habitats through smaller reserve patches distributed
throughout the fine-scale mosaic of European land-cover
types, or at least to adopt multi-scaled conservation mea-
sures.
We limited our investigation to the entire assemblage
and groups of common and rare species. It should how-
ever be kept in mind that not all species depend on
reserve patterns equally (Tscharntke et al. 2002). We
therefore suggest that reserve patches could also provide
interesting study areas for population dynamics of gener-
alist and specialist species, species that disperse widely
or occupy small home ranges, and single species. Further
studies could also focus on the effects of reserve design
on between-reserve or reserve-matrix complementarity
in terms of species composition (Mu¨ller & Gossner, 2010)
and on gamma diversity on at a regional scale.
Our results, which are based on a selection data from
highland and lowland French forest, do not provide uni-
versal precepts. It should also be kept in mind that we
observed forest context-dependent responses. Further
research is therefore required to define relevant manage-
ment guidelines for reserve design in order to increase
levels of biodiversity spillover, in particular in relation to
patch connectivity and patch shape. Establishing reserves
in high-quality habitat patches is of primary concern. The
present-day habitat quality in forest reserves is affected
largely by local management history. Some reserves, un-
harvested over the last 50 years, were heavily harvested
for centuries. Past management intensity may have long-
term effects on saproxylic community composition. The
colonization by saproxylic beetles is a very slow pro-
cess that requires an even longer time frame than habitat
restoration (Bouget et al. 2014). Benefits of recent but
permanent reserves could tend to be tangible only in the
long term (Gustafsson et al. 2012).
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Abstract
Saproxylic beetles – associated with dead wood or with other insects, fungi and
microorganisms that decompose it – play a major role in forest nutrient cycling. They are
important ecosystem service providers and are used as key bio-indicators of old-growth
forests. In France alone, where the present study took place, there are about 2500 species
distributed within 71 families. This high diversity represents a major challenge for specimen
sorting and identification.
The PASSIFOR project aims at developing a DNA metabarcoding approach to facilitate
and enhance the monitoring of saproxylic beetles as indicators in ecological studies. As a
first step toward that goal we assembled a library of DNA barcodes using the standard
genetic marker for animals, i.e. a portion of the COI mitochondrial gene. In the present
contribution, we release a library including 656 records representing 410 species in 40
different families. Species were identified by expert taxonomists, and each record is linked
‡,§ § | ¶
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to a voucher specimen to enable future morphological examination. We also highlight and
briefly discuss cases of low interspecific divergences, as well as cases of high intraspecific
divergences that might represent cases of overlooked or cryptic diversity.
Keywords
DNA barcoding, COI, molecular identification, cryptic diversity, Coleoptera, forest insects,
ecological indicators.
Introduction
Forests ecosystems cover nearly 30% of the total land surface globally and host most of
the terrestrial biodiversity. They are highly complex systems whose functioning and
sustainability depends on a range of spatially and temporally dynamic abiotic and biotic
factors. To monitor or diagnose forest ecosystems, ecologists have historically used both
physico-chemical and biological indicators. Among the latters, saproxylic beetles –
associated with dead wood or with other insects, fungi and microorganisms that
decompose it – have been used as key bio-indicators of old-growth forests in both
temperate and boreal regions of the globe (but see Grove and Stork (1999) for
perspectives toward their monitoring in tropical forests). Their diversity is high (several
hundred species co-occur in most forests), they can be abundant, and samples are
generally easily collected using standard techniques facilitating comparisons between
sites. Saproxylic beetle species include both generalists and highly specialized organisms,
sometimes requiring complex and stringent conditions in order to fulfill their development
and reproduction. As a consequence, their communities have been shown to be tightly
linked to the features and the dynamics of the habitat (Grove 2002).
In conservation biology studies, saproxylic beetles have often been studied through the
perspective of focal species (often endangered/patrimonial species (e.g. Buse et al. 2007)),
and of communities (e.g. Bouget et al. 2014, Buse et al. 2010, Lassauce et al. 2013,
Quinto et al. 2012), considering the presence/absence of the former, and/or the diversity
and relative abundances of species within the latter. However, these studies are strongly
impeded by the considerable diversity of these insects. In France alone, there are about
2500 species distributed within 71 families, and several hundreds of specimens
representing dozens of species can be collected in a single trap (see Bouget et al. (2009)
for details about standard collecting methods using interception traps). Because of this
diversity and abundance, and because species identification using morphology requires
strong and rather scarce taxonomic expertise, specimen sorting and identification
represent the main bottleneck in studies of saproxylic beetles, thus impeding their
consideration in large-scale forest biodiversity monitoring schemes.
DNA-based identification, and the development of metagenomic approaches using Next
Generation Sequencing (NGS) technologies, hold strong promise to overcome this
2 Rougerie R et al.
impediment and may alleviate funding and time constraints for large-scale studies on these
insects. Molecular identification of species has seen a considerable and rapid development
over the past decade following the introduction of DNA barcoding by Hebert et al. (2003);
during this period, the field has experienced extensive testing in a large variety of
organisms, including many insect orders. DNA barcode libraries are being developed at a
steady pace, combining genetic data (usually the sequences of the genetic marker used as
the standard DNA barcode in animals: a 658bp fragment of the mtDNA COI gene, although
additional markers are sometimes used to complement it), taxonomic information, and
specimen data (collecting information, voucher repository, images). A global online
database, the Barcode of Life Datasystems (BOLD), serves as the central repository for
these libraries (www.boldsystems.org) and combines classical database features with a
workbench facilitating data analyses and data sharing (Ratnasingham and Hebert 2007). At
the same time, advances in NGS technologies have increased by several orders of
magnitude the yield and throughput of DNA sequencing and triggered the development of
metagenomics. Multiple genomes can now be extracted, amplified and sequenced
simultaneously, allowing for the sequencing of environmental (air, water or soil for instance)
or bulk (complex assemblages of multiple individuals) samples (Shokralla et al. 2012, Tautz
et al. 2010). By targeting a DNA marker that permits species identification, like DNA
barcodes, this method can be used to document the species composition of complex
samples, like communities, in an approach called DNA metabarcoding (Hajibabaei et al.
2011, Taberlet et al. 2012, Yu et al. 2012, Cristescu 2014).
The PASSIFOR project, initiated by the National Research Institute of Science and
Technology for Environment and Agriculture (IRSTEA) and by the National Institute for
Agricultural Research (INRA), aims at developing a DNA metabarcoding approach for
French species of saproxylic beetles to facilitate and enhance the use of these insects as
forest indicators. As a first step toward that goal, we present and release in this paper a
DNA barcode reference library for these insects, including 656 records representing 410
species in 251 genera and 40 different families. This library represents about 16% of the
national fauna and we expect that its development in the next future will further contribute
to the assembly of a DNA barcode library for European beetles. Remarkable progress was
recently accomplished toward that goal with the published results of national campaigns in
Finland (Pentinsaari et al. 2014) and in Germany (Hendrich et al. 2014) together
representing 4330 species with DNA barcodes in Northern and Central Europe.
General description
Purpose: This library aims to provide an authoritative reference library for the DNA-based
species identification of French saproxylic beetles, in order to facilitate the use of DNA
metabarcoding in biodiversity monitoring networks focusing on these forest insects. It is
also expected to develop the use of DNA barcodes by the community of coleopterists, in
combination with characters from the morphology, ecology and biogeography of species, to
address taxonomic questions.
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Addititional information: Because the available funding for this project was too limited to
develop an exhaustive library for French saproxylic beetles (ca. 2500 species) or to allow
the documentation of intraspecific and geographical patterns of genetic variation, our initial
objective has been to target a broad taxonomic coverage, favoring taxonomic diversity at
the family, genus and species levels. Only a few species complex or notoriously difficult
genera (e.g. Ampedus in family Elateridae) were more densely sampled.
The PASSIFOR library uses the standard DNA barcode for animals, i.e. a 658bp fragment
of the COI mitochondrial gene.
Species identifications were provided by expert taxonomists for these groups. All records
were initially identified on the basis of morphological examination, and voucher specimens
are preserved in the collections of the taxonomists as references for these records. Any
future change in the taxonomy/nomenclature of these insects will be reported in the
PASSIFOR library, after authoritative validation by the taxonomists.
Project description
Title: PASSIFOR: stands for (in French) "Proposition d'Amélioration du Système de Suivi
de la bIodiversité FORestière": Proposal toward improving monitoring of forest biodiversity.
Personel: PIs: Christophe Bouget (IRSTEA, Nogent-Sur-Vernisson) & Carlos Lopez-
Vaamonde (INRA, Orléans)
Postdoctoral fellow: Rodolphe Rougerie (INRA, Orléans)
Study area description: Western Europe: France (99.1% of the samples), Czech
Republic, Italy, Spain, and Morocco.
Funding: This project is supported by a grant from the French Ministry of Agriculture
(MAAF) to IRSTEA (CB) and INRA (CLV). Sequencing of DNA barcodes also benefitted
from funding by Genome Canada and the Ontario Genomics Institute (OGI) to the
International Barcode of Life Project (iBOL).
Sampling methods
Study extent: The PASSIFOR library focuses on French species within 40 different
families of saproxylic beetles.
Sampling description: Tissue samples for DNA extraction were collected mostly from dry
collection specimens; only a limited number of samples were preserved in 95%-ethanol. All
specimens were photographed and specimen data were compiled in excel spreadsheets
for submission to BOLD.
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Most specimens were sampled by RR and CLV in the National Laboratory for Forest
Entomology, Quillan, France. GP, TB and BN assisted in sampling and in databasing
records in their institutional collections. NM sampled specimens in his own reference
collection, while JD selected and shipped a selection of specimens (Elateridae, especially
members of genus Ampedus) to INRA Orleans where RR handled tissue sampling,
photography and databasing.
Quality control: All tissue samples were assembled in 96-well plates in which one well
(location H12) was left empty to serve as a negative control. After sequencing and upload
of sequences into BOLD, DNA barcodes were compared through classical analyses of
genetic distances (blast hits, NJ trees) to conspecific records, when existing, in other
accessible DNA barcoding projects/campaigns. Discordances between DNA results and
taxonomy derived from morphology (DNA barcodes shared by distinct species, deep intra-
specific splits (>2%)) led to re-examination of the specimens; collegial discussions were
initiated to address these issues by revealing possible cases of mis-identification or cross-
contamination.
Step description: The construction of the PASSIFOR library can be divided into two main
steps:
1. Specimen sampling and data compilation:
◦ tissue sampling. Using flame-decontaminated forceps, we usually pulled
one leg from each specimen sampled. Occasionally, when these
appendages were difficult to reach, we used the antenna or hindwing of the
insect. For the smallest species, we sometimes used up to three of these
body parts (usually several legs). Only in one case, a tiny representative of
the Scolytinae Ernoporicus fagi, did we use the whole insect and as a
consequence did not preserve any voucher specimen.
◦ photography. Each specimen was photographed individually along with a
scale.
◦ data compilation. We used standard BOLD spreadsheets to compile:
▪ voucher information: SampleID (a unique BOLD identifier for the
specimen; also added on a label pinned with the voucher specimen)
and institution storing.
▪ Taxonomy data: higher level taxonomy; species identification;
identifier, including contact information.
▪ Specimen details: sex (when available); reproduction mode; life
stage; type of tissue used (for most specimens); collecting method
(when available).
▪ Collection data: collectors; date collected; country; administrative
region and department; sector; exact site; latitude, longitude and
elevation (when available).
◦ upload to BOLD. Following the standard BOLD procedure for DNA barcode
library construction, we created a dedicated project in BOLD. This project
(code PSFOR, publicly accessible) hosts records for all the samples
processed (including failures), whereas the actual PASSIFOR library
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(dataset DS-PSFOR01, see the Data resources section below) only
includes records successfully sequenced and subsequently validated by
taxonomists.
2. Sequencing of DNA barcodes: The Canadian Centre for DNA Barcoding (CCDB),
hosted by the Biodiversity Institute of Ontario (BIO) at the University of Guelph,
Ontario, Canada) processed the tissue samples; all operations were carried out
following the standard high-throughput protocols in place at CCDB and available
from http://ccdb.ca/resources.php. For PCR amplification, we used a primer cocktail
combining the LCO1490/HCO2198 pair (Folmer et al. 1994) with the LepF1/LepR1
pair (Hebert et al. 2004) for amplification of the full-length (658bp) DNA barcode
region of the COI gene. Samples failing to amplify with these primers were
alternatively processed using internal primers targeting shorter fragment; MLepR2
(Hebert et al. 2013) was used along with LCO1490/LepF1, and MLepF1
(Hajibabaei et al. 2006) was used with HCO1498/LepR1 to target fragments of
307bp and 407bp, respectively. Unpurified PCR fragments were sequenced in both
directions using an ABI 3730XL DNA Analyzer (Applied Biosystems, Foster City,
CA, USA). CodonCode (CodonCode Corporation, Centerville, MA) was used for
trimming primers, contig assembly and sequence editing; alignment was
straightforward in absence of indels and the sequences, along with corresponding
trace files, were uploaded to BOLD.
Geographic coverage
Description: The PASSIFOR library covers 17 of the 22 administrative regions of France,
including Corsica. The map in Fig. 1 represents the distribution of the PASSIFOR records.
Figure 1. 
Distribution of the PASSIFOR library records (Suppl. material 1).
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Coordinates: 41.7 and 50.5 Latitude; -1.6 and 9.5 Longitude.
Taxonomic coverage
Description: The PASSIFOR library comprises 656 records for saproxylic beetles
belonging to 40 different families. They represent 410 species in 251 genera. Table 1
provides the details on sampling for each family.
Family Records Genera Species
Anthribidae 11 9 9
Biphyllidae 2 1 1
Bostrichidae 1 1 1
Brentidae 1 1 1
Buprestidae 7 6 7
Cerambycidae 165 69 115
Cerophytidae 1 1 1
Ciidae 1 1 1
Cleridae 12 5 6
Curculionidae 54 19 31
Elateridae 151 22 57
Endomychidae 2 1 1
Erotylidae 2 2 2
Eucinetidae 1 1 1
Eucnemidae 8 4 5
Histeridae 1 1 1
Laemophloeidae 2 2 2
Leiodidae 3 2 2
Lucanidae 8 4 4
Lycidae 6 5 5
Lymexylidae 4 2 2
Table 1. 
Taxonomic coverage of the PASSIFOR library giving details of the number of records, genera and
species sampled within each of the 40 families included (ordered alphabetically).
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Melandryidae 24 12 16
Monotomidae 9 1 7
Mycetophagidae 15 4 11
Nitidulidae 7 3 6
Nosodendridae 1 1 1
Oedemeridae 11 4 8
Prostomidae 1 1 1
Ptinidae 30 12 23
Pyrochroidae 5 2 3
Pythidae 1 1 1
Salpingidae 14 6 11
Scarabaeidae 16 5 14
Silvanidae 2 2 2
Sphindidae 2 2 2
Tenebrionidae 51 21 32
Tetratomidae 1 1 1
Trogidae 2 1 1
Trogossitidae 14 8 9
Zopheridae 7 5 6
Total 656 251 410
The nomenclature used generally follows that in the eight volumes of the Catalogue of
Palaearctic Coleoptera series, edited by Löbl and Smetana (see f.i Löbl and Smetana
(2003)), which in turn was largely followed, for French beetles, in the recent national
catalogue by Tronquet (2014). New names and nomenclatural changes after publication of
the volumes of the Löbl & Smetana catalogue were sometimes adopted in the PASSIFOR
library, but only if they did not conflict with other DNA barcode libraries for these insects, or
if they are considered consensual within the community of coleopterists involved in the
construction of these libraries. This strategy favors the consistency of names used within
several independently constructed libraries in BOLD rather than an authoritative stand for
one or another of alternative names. This should prevent, or at least limit, the existence of
"parallel taxonomies" (multiple names or combination of names for a single species) in
BOLD.
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Usage rights
Use license: Open Data Commons Attribution License
Data resources
Data package title: PASSIFOR DNA barcode reference library
Resource link: http://dx.doi.org/10.5883/DS-PSFOR01
Alternative identifiers: PASSIFOR library
Number of data sets: 1
Data set name: DS-PSFOR01
Download URL: http://www.boldsystems.org/index.php/Public_BINSearch?
searchtype=records
Data format: xml, tsv, fasta, ab1
Description: The PASSIFOR library dataset can be downloaded from the Public Data
Portal of BOLD in different formats (data as xml or tsv files, sequences and trace files
as fasta and ab1 files). Alternatively, BOLD users can login and access the dataset via
the Workbench platform of BOLD (see the public dataset list in the User Console page,
under the name of first author); all records are also searchable within BOLD using the
search function of the database.
The version of the library at the time of writing of this manuscript is also included as
Suppl. materials 1, 2 in the form of an excel spreadsheet for record information and of
a fasta file containing all aligned sequences.
Column label Column description
processid Unique identifier for the DNA sample.
sampleid Unique identifier for the specimen and by extension the tissue sample used
for DNA analysis.
recordID Entry number in the database.
catalognum Identifier for specimen assigned by formal collection upon accessioning.
fieldnum Identifier for specimen assigned in the field.
institution_storing The full name of the institution that has physical possession of the voucher
specimen.
bin_uri URI (Unique Resource Identifier) for the Barcode Index Number (BIN) to
which the record belongs.
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phylum_taxID Taxonomic identifier of level Phylum
phylum_name Phylum name
class_taxID Taxonomic identifier of level Class
class_name Class name
order_taxID Taxonomic identifier of level Order
order_name Order name
family_taxID Taxonomic identifier of level Family
family_name Family name
subfamily_taxID Taxonomic identifier of level Subfamily
subfamily_name Subfamily name
genus_taxID Taxonomic identifier of level Genus
genus_name Genus name
species_taxID Taxonomic identifier of level Species
species_name Species name
identification_provided_by Full name of primary individual who assigned the specimen to a taxonomic
group.
voucher_type Status of the specimen in an accessioning process.
tissue_type A brief description of the type of tissue or material analyzed.
collectors The full or abbreviated names of the individuals or team responsible for
collecting the sample in the field.
collectiondate The date during which the sample was collected.
collectiondate_accuracy A numerical representation of the precision of the Collection Date given in
days and is represented as +/- the value.
lifestage The age class or life stage of the specimen at the time of sampling.
sex The sex of the specimen.
reproduction The presumed method of reproduction.
extrainfo A brief note or project term associated with the specimen for rapid analysis.
notes General notes regarding the specimen.
lat The geographic latitude (in decimal degrees) of the geographic center of a
location.
lon The geographic longitude (in decimal degrees) of the geographic center of a
location.
coord_source The source of the latitude and longitude measurements.
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coord_accuracy A decimal representation of the precision of the coordinates given in the
decimalLatitude and decimalLongitude.
elev Elevation of sampling site. Measured in meters relative to sea level. Negative
values indicate a position below sea level.
depth For organisms collected beneath the surface of a water body. Measured in
meters below surface of water.
elev_accuracy A numerical representation of the precision of the elevation given in meters
and is represented as +/- the elevation value.
depth_accuracy A numerical representation of the precision of the depth given in meters and
is represented as +/- the depth value.
country The full, unabbreviated name of the country, major political unit, or ocean in
which the organism was collected.
province The full, unabbreviated name of the state, province, territory, or prefecture
(i.e., the next smallest political region below Country) in which the organism
was collected.
region The full, unabbreviated name of the county, shire, municipality, or park (i.e.,
the next smallest political region below province/state) in which the organism
was collected.
sector The full, unabbreviated name of the lake, conservation area or sector of park
in which the organism was collected.
exactsite Additional text descriptions regarding the exact location of the collection site
relative to a geographic or biologically relevant landmark.
Additional information
In the following sections we provide a quick description of the results of DNA barcode
analyses as carried out using the analytical tools available through the BOLD's workbench
at the time of writing of this manuscript.
Sequence composition
The summary statistics for nucleotide frequency distribution are provided in Table 2. The
range of variation in GC content (26 - 47%) within our very diverse set of taxa (40 families)
is large and similar to previous reports in insects (Clare et al. 2008). It is most variable at
the 1 (34.6 - 54.7%) and 3  (1.9 - 43.8%) codon positions.st rd
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Min Mean Max SE
G % 13.37 16.17 21.73 0.04
C % 12.61 19.82 27.68 0.13
A % 25.31 29.74 34.15 0.06
T % 26.44 34.26 44.07 0.15
GC % 25.99 35.99 46.81 0.14
GC % Codon Pos 1 34.65 46.84 54.72 0.13
GC % Codon Pos 2 38.3 42.65 46.44 0.04
GC % Codon Pos 3 1.94 18.43 43.77 0.31
Analyses of genetic distances
All sequence analyses were carried out in BOLD using Kimura-2 parameters (K2P)
distances with BOLD handling the sequence alignment. Alternative alignment methods
were tested (including the use of sequences aligned "as uploaded") and proved to have no
impact on the results.
All 656 sequences of the library where used to build a Neighbor-Joining (NJ) tree as
illustrated in Suppl. material 3. For the analysis of intraspecific and interspecific distances,
we reduced the dataset to sequences longer than 400bp (597 records, 388 species).
General summary statistics at the species, genus and family levels are given in Table 3;
Fig. 2 shows the frequency distributions of genetic distances within species (normalized)
and within genus. Fig. 3 represents the distribution of maximum intraspecific distances
(singletons excluded) plotted against distances to Nearest Neighbour within the library.
Overall, we observe a conspicuous bimodal pattern suggesting the existence of a marked
"barcode gap" between intraspecific and interspecific genetic divergence. We note
however that in the vast majority of species our sampling remains too limited, both
taxonomically (sister species often unsampled) and numerically (intraspecific divergence
undocumented for most species) to test the extent of this gap and its consistency.
n Taxa Comparisons Min Dist(%) Mean Dist(%) Max Dist(%) SE Dist(%)
Within Species 334 125 458 0 0.85 14.93 0
Table 2. 
Nucleotide frequency distribution for sequences (>400bp, 597 sequences analyzed) in the
PASSIFOR library.
Table 3. 
Summary of distance (K2P) variations at species, genus and family levels, as calculated with BOLD
from 597 records of the PASSIFOR library with DNA barcodes longer than 400bp.
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Within Genus 362 73 3152 0 12.5 27.14 0
Within Family 573 25 20617 9.54 21.9 39.13 0
Figure 2. 
Frequency distribution of within-species (normalized, in pink) and within-genus (green) K2P
distances for records of the PASSIFOR library (sequences longer than 400 bp only: 597
records, 388 species). Table of distances is provided as Suppl. material 4 and Suppl. material
5.
Figure 3. 
Scatterplot representing for each species of the PASSIFOR library (sequences longer than
400 bp only: 125 species after exclusion of singletons) the minimum distance to Nearest
Neighbour (NN) plotted against the maximum intra-specific distance (Suppl. material 6).
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Discrepancies between current taxonomy and DNA barcode results
While we are aware of the limitation of our dataset to address taxonomic questions in
cases where DNA barcodes and current taxonomy reveal a possible discordance, we
report here two categories of apparent conflicts between the results from DNA barcode
analyses and species identifications derived from morphology.
1. High intraspecific divergence (>2%) were observed in 7 species (Table 4). All these
cases require further sampling and investigation to figure if they represent cases of
overlooked or cryptic diversity, or if they may represent geographical population
structure, ancestral polymorphisms, or variation resulting from Wolbachia infections
(Smith et al. 2012). As an example, in the Tenebrionidae Nalassus ecoffeti, where
intraspecific genetic distance is as high as 13.2%, our results suggest the possible
validity of the currently synonymized Pyrenean species N. temperei Ardoin, 1958
(F. Soldati, personal communication).
2. Low interspecific divergences (<2%) were observed in 6 pairs of species, 1 triplet,
and 2 pairs of subspecies (Table 5). In total, of the 410 species sampled in the
PASSIFOR library, 15 (3.6%) fall in this category of low to null interspecific
distances. Here again, these cases will require additional sampling and further
investigation to understand if our results reflect cases of overlooked synonymy (as
may be the case in the pairs Ampedus pomorum / A. nemoralis, Anastrangalia
dubia / A. reyi (the second originally described as a mere variety of the former)),
introgression through past or ongoing hybridization, or recent speciation resulting in
low level of divergence (e.g. in the pairs Pityophagus ferrugineus / P. laevior and
Ampedus pomonae / A. sanguinolentus). In fact, our results only revealed two
cases of strictly shared DNA barcodes (one pair and one triplet within the
taxonomically difficult genus Ampedus), although results for Central European
samples of Anastrangalia dubia and A. reyi (Hendrich et al. 2014) confirmed that
the two species cannot be distinguished using their DNA barcodes. 
Family Species N Max. Intrasp. (%)
Cerambycidae Alosterna tabacicolor 3 11.2
Cerambycidae Tetrops praeustus 2 11.8
Cleridae Thanasimus formicarius 2 11.5
Cleridae Tillus elongatus 4 8.8
Elateridae Melanotus castanipes 2 5.7
Elateridae Melanotus villosus 3 4.5
Tenebrionidae Nalassus ecoffeti 5 13.2
Table 4. 
List of species within the PASSIFOR library (sequence length>400 bp; 597 records, 388 species)
with more than 2% intraspecific divergence (N = number of records).
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Family Species pairs & triplet Min. intersp. (%)
Cerambycidae Anastrangalia dubia (3) / A. reyi (1) 0.47
Cerambycidae Chlorophorus ruficornis (1) / C. sartor (1) 1.1
Cerambycidae Paracorymbia hybrida (1) / P. maculicornis (1) 0.92
Elateridae Ampedus cardinalis (3) / A. praestus (2) / A. melonii (1) 0
Elateridae Ampedus pomonae (1) / A. sanguinolentus (1) 1.61
Elateridae Ampedus pomorum (9) / A. nemoralis (3) 0
Lucanidae Lucanus cervus (1) / L. cervus fabiani (1) 0
Nitidulidae Pityophagus ferrugineus (1) / P. laevior (1) 1.88
Scarabaeidae Protaetia cuprea (1) / P. cuprea metallica (1) 1.22
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Supplementary materials
Suppl. material 1: PASSIFOR library - specimen and sequence data
Authors: Rougerie R, Lopez-Vaamonde C, Barnouin T, Delnatte J, Moulin N, Noblecourt T,
Nusillard B, Parmain G, Soldati F, Bouget C
Data type: Record information - specimen data and sequence summary
Brief description: This excel spreadsheet includes information about all records in BOLD for the
PASSIFOR library at the time of writing. It contains specimen data and sequence information,
including GenBank accession numbers.
Filename: PASSIFOR library_AUG-04-2014_BOLD data.xls - Download file (744.50 kb) 
Suppl. material 2: PASSIFOR library - DNA sequences
Authors: Rougerie R, Lopez-Vaamonde C, Barnouin T, Delnatte J, Moulin N, Noblecourt T,
Nusillard B, Parmain G, Soldati F, Bouget C
Data type: Genomic data, DNA sequences
Brief description: Sequences in fasta format for the fragment of the COI mtDNA gene used as a
standard DNA barcode in animals. Each sequence is identified by a chain of characters consisting
of, in the following order and separated by pipes: processID, sampleID, species_name, DNA
marker
Filename: PASSIFOR library_AUG-04-2014_sequences.fasta - Download file (458.92 kb) 
Suppl. material 3: Neighbour Joining tree reconstructed from the 656 DNA barcodes of
the PASSIFOR library.
Authors: Rougerie R, Lopez-Vaamonde C, Barnouin T, Delnatte J, Moulin N, Noblecourt T,
Nusillard B, Parmain G, Soldati F, Bouget C
Data type: Distance tree
Brief description: NJ tree resulting from the analysis with BOLD of the 656 DNA barcode
sequences of the PASSIFOR library. Parameters for tree reconstruction are as follow: distance
model: K2P; alignment method: BOLD aligner; sequence length: >200 bp; pairwise deletion
option; all three codon positions included.
Filename: PASSIFOR library_AUG-04-2014_NJ tree.pdf - Download file (67.73 kb) 
Suppl. material 4: Pairwise K2P distances within species
Authors: Rougerie R, Lopez-Vaamonde C, Barnouin T, Delnatte J, Moulin N, Noblecourt T,
Nusillard B, Parmain G, Soldati F, Bouget C
Data type: Genetic distances
Brief description: This table lists K2P distances for all pairwise comparisons between conspecific
records in the PASSIFOR library (only DNA barcodes longer than 400bp); distances are calculated
in BOLD (www.boldsystems.org).
Filename: PASSIFOR - Within species K2P.xls - Download file (85.50 kb) 
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Suppl. material 5: Pairwise K2P distances within genera
Authors: Rougerie R, Lopez-Vaamonde C, Barnouin T, Delnatte J, Moulin N, Noblecourt T,
Nusillard B, Parmain G, Soldati F, Bouget C
Data type: Genetic distances
Brief description: For the PASSIFOR library (only DNA barcodes longer than 400bp), this table
lists K2P distances for all pairwise comparisons between heterospecific records of the same
genus; distances are calculated in BOLD (www.boldsystems.org).
Filename: PASSIFOR - Within genus K2P.xls - Download file (387.00 kb) 
Suppl. material 6: Intra-specific distances and distances to nearest neighbor (NN)
Authors: Rougerie R, Lopez-Vaamonde C, Barnouin T, Delnatte J, Moulin N, Noblecourt T,
Nusillard B, Parmain G, Soldati F, Bouget C
Data type: Genetic distances
Brief description: This table provides, for each species of the PASSIFOR library with sequences
longer than 400bp, mean and maximum intraspecific distances (non-applicable (N/A) for species
represented as singletons in our dataset) as well as the distance to nearest neighbor (NN) within
the library and its identification.
Filename: Table_Sx_intraSP.xlsx - Download file (69.43 kb) 
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 Guilhem PARMAIN 
 
Contribution de différents éléments forestiers et non-forestiers de la Trame 
de Très Vieux Bois à la diversité des coléoptères saproxyliques 
 
La dispaƌitioŶ et la fƌagŵeŶtatioŶ d’haďitat soŶt ĐoŶsidĠƌĠes Đoŵŵe des Đauses ŵajeuƌes de l’Ġƌosion de la biodiversité. 
Les forêts sont parmi les plus riches écosystèmes terrestres de la planète. La simplification structurelle et la disparition d’ĠlĠŵeŶts 
d’haďitats ĐlĠs Ƌui ƌĠsulteŶt de leuƌ eǆploitatioŶ ŵetteŶt eŶ pĠƌil la ďiodiveƌsitĠ Ƌu’elles aďritent.  
GƌâĐe à l’aŶalǇse de diffĠƌeŶts jeuǆ de doŶŶĠes ŵutualisĠs eŶtƌe plusieuƌs laďoƌatoiƌes et de deuǆ jeuǆ de doŶŶĠes 
oƌigiŶauǆ gĠŶĠƌĠs paƌ ŵes tƌavauǆ, l’oďjeĐtif de Đette thğse est d’Ġvalueƌ le ƌôle jouĠ paƌ plusieuƌs ĠlĠŵeŶts de la Tƌaŵe de Très 
Vieuǆ Bois pouƌ la diveƌsitĠ des ĐolĠoptğƌes sapƌoǆǇliƋues auǆ ĠĐhelles loĐale et paǇsagğƌe. L’effet des ĐaƌaĐtĠƌistiƋues du ŵilieu et 
la biodiversité associée aux ilots de vieillissement, réserves forestières et arbres isolés extra-forestiers ont été évalués.  
EŶ paƌallğle, Ŷous avoŶs ĐoŶduit des eǆploƌatioŶs ŵĠthodologiƋues ĐoŶĐeƌŶaŶt la pƌiŶĐipale teĐhŶiƋue d’ĠĐhaŶtilloŶŶage 
de notre modèle biologique. Nous avons mis en évidence les effets (i) forts de la réplication spatiale ou temporelle des dispositifs 
d’ĠĐhaŶtilloŶŶage suƌ les doŶŶĠes oďteŶues, ŵais ;iiͿ ŶĠgligeaďles de l’eǆĐlusioŶ d’uŶe faŵille Đouteuse eŶ teŵps d’ideŶtifiĐation 
sur les résultats.  
 Nos ƌĠsultats ĠĐologiƋues iŶdiƋueŶt l’effet de l’aƌƌġt d’eǆploitatioŶ suƌ la ƌeĐoŶstitutioŶ des Đoŵpaƌtiments bois mort et 
deŶdƌoŵiĐƌohaďitats et des asseŵďlages de ĐolĠoptğƌes sapƌoǆǇliƋues assoĐiĠs, au ĐoŶtƌaiƌe de l’eǆteŶsioŶ de ƌotatioŶ 
ƌepƌĠseŶtĠe paƌ les ilots de vieillisseŵeŶt. D’iŵpoƌtaŶtes deŶsitĠs de ƌĠseƌves foƌestiğƌes daŶs le paǇsage ;plus de 20%) semblent 
ŶĠĐessaiƌes pouƌ uŶe ĐoŶseƌvatioŶ effiĐaĐe de la fauŶe sapƌoǆǇliƋue. De plus, Ŷous avoŶs ŵis eŶ ĠvideŶĐe Ƌu’uŶe paƌt iŵpoƌtaŶte 
des espèces saproxyliques est préférentiellement retrouvée sur des arbres solitaires, non-forestiers. La totalité de la faune 
sapƌoǆǇliƋue Ŷ’est doŶĐ pas aďƌitĠe paƌ la foƌġt. Ces stƌuĐtuƌes ŶoŶ foƌestiğƌes ƌepƌĠseŶteŶt des ĠlĠŵeŶts pƌiŵoƌdiauǆ à pƌeŶdre 
en compte pour la sauvegarde de la biodiversité saproxylique.  
Mots clés : Réserve forestière, ilot de vieillissement, coléoptère saproxylique, méthodologie, arbres isolés, 
conservation.  
How elementary components of the saproxylic habitat network contribute to 
associated beetle diversity?  
 
Habitat loss and fragmentation are considered as major threats to biodiversity in forests, one of the species-richest 
terrestrial ecosystems worldwide. The structural simplification and the loss of key habitat elements resulting from forest harvesting 
threaten forest biodiversity. Through the analysis of datasets shared between laboratories and two original datasets created during 
this thesis, I intended to evaluate the role for associated beetle diversity of several components of the saproxylic habitat network at 
local and landscape scales. The effect of local environmental variables has been evaluated and the biodiversity associated with 
ageing stands, forest reserves and isolated non-forest trees were explored. 
In parallel, we have analyzed the main technique used to sample our study group. We highlighted (i) strong effects of 
spatial or temporal replication of sampling on data, but (ii) negligible effects of data simplification by excluding a time-expensive 
family on results. 
We demonstrated significant effects of forest setting aside on the restoration, mainly of dead wood and tree 
microhabitats, but also on associated saproxylic beetle assemblages. Extended rotations in ageing stands did not provide such 
positive effects. Besides, we evidenced that a high density of forest reserves in the landscape (over 20%) seems necessary to 
efficiently favor the saproxylic fauna. In addition, we observed that a significant proportion of saproxylic species prefer non-forest 
solitary tree habitats. The whole saproxylic fauna is therefore not hosted by forests. These non-forest saproxylic structures have to 
be included in conservation strategies dedicated saproxylic biodiversity. 
Key words : Forest reserve, extended rotation, saproxylic beetle, sampling methods, solitary trees, 
biodiversity conservation.  
 
 
